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The freshwater climbing perch, Anabas testudineus, is an obligate air-breathing 
euryhaline teleost which can survive in seawater, with the unique ability to 
actively excrete ammonia when exposed to high concentrations of environmental 
ammonia or during emersion. The main objectives of this study were to elucidate 
the mechanisms of active Na+ and Cl- excretion during seawater exposure, and 
mechanisms of active ammonia excretion during exposure to 100 mmol l-1 NH4Cl 
or terrestrial conditions in A. testudineus, with emphases on the specific types of 
ionocyte involved and their associated ion transporters/water channels. 
Differential transcriptomic analysis, using next-generation sequencing, in 
combination with mRNA expression and immunofluorescence microscopy studies 
were performed on the gills of A. testudineus. Emphases were placed on some key 
ion transporters/water channels, including Na+:Cl- co-transporter (Ncc), cystic 
fibrosis transmembrane conductance regulator (Cftr), different isoforms of 
Na+:K+:2Cl- cotransporter 1 (Nkcc1), Na+/K+-ATPase α subunits (Nkaα), rhesus 
(Rh) glycoproteins, Na+/H+ exchangers (Nhe) and aquaporins (Aqp). 
Experimental fish were exposed to seawater, 100 mmol l-1 NH4Cl or terrestrial 
conditions, while fish kept in fresh water served as controls. Results revealed that 
ionocytes present in the branchial epithelium of freshwater A. testudineus were 
predominantly labelled with basolateral Nkaα1a and apical Ncc to mediate active 
Na+ and Cl- absorption in a hypoosmotic environment. As for seawater-acclimated 
fish, two distinct seawater-type ionocytes (Nkaα1b- or Nkaα1c-labelled) were 
present in the branchial epithelium, with probably different physiological 
functions. The Nkaα1c-labelled seawater-type ionocytes, with basolateral Nkcc1a 
and apical Cftr, were largely responsible for active Na+ and Cl- excretion in a 
 ii 
 
hyperosmotic environment. The Nkaα1b-labelled seawater-type ionocytes, with 
apical Nhe3 and Rhcg1, were likely to be involved in H+-facilitated ammonia 
excretion. Similarly, two distinct types of ionocytes (Nkaα1a- or Nkaα1c-labelled) 
were discovered in the gills of A. testudineus exposed to ammonia in fresh water. 
The Nkaα1a-labelled ionocytes were basically the freshwater-type. With co-
expressed apical Aqp1aa and basolateral Aqp1ab or Rhcg2, they might also 
function to transport water and CO2. By contrast, the Nkaα1c-labelled ionocytes 
displayed high similarity with that in the gills of the seawater-exposed fish. These 
Nkaα1c-labelled ionocytes, with Nkcc1a being replaced by Nkcc1b, could be 
regarded as ammonia-specific and participate in active NH4
+ excretion in fresh 
water. A novel observation is that Rhag was localized to the apical membrane of 
the Nkaα1c-labelled ionocytes and could be involved in the active excretion of 
NH4
+ to the external medium interface. While active NH4
+ excretion during 
ammonia exposure could be driven by a transapical membrane electrical potential, 
active NH4
+ excretion during terrestrial exposure could be driven by a pH gradient 
across the apical membrane of the Nkaα1a-labelled ammonia-specific ionocytes. 
This is because terrestrial exposure led to increases in the expression of several 
transcripts encoding for various subunits of V-type H+-ATPase. Furthermore, 
these Nkaα1a-labelled ammonia-specific ionocytes co-expressed apical Rhag with 
basolateral Nkcc1a or Rhcg2. In summary, different types of ionocytes were 
involved in salt absorption in fresh water and salt excretion in seawater, and 
similarly different types of ionocytes were involved in active ammonia excretion 
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anti-Nkcc1a and anti-Nkaα1c antibodies. Immunofluorescence of anti-
Nkcc1a (green) and anti-Nkaα1b or anti-Nkaα1c (red) antibodies are 
shown in (i) and (ii), respectively. Both channels (green and red) are 
merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Co-localization of staining from the green 
and red channels resulted in a yellow-orange colouration. Arrows in (A) 
(iv) indicate the cells that were labelled with only Nkaα1a while those in 
(C) (iv) indicate cells labelled with only Nkcc1a. Magnification: 400×… 
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Fig. 21 Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Na+:K+:2Cl- cotransporter 1 (Nkcc1) in the gills of Anabas testudineus. 
Double immunofluorescence was performed on the gills of A. 
testudineus after 6 days (d) of exposure to seawater (SW; salinity 30) 
following a progressive increase in salinity, using anti-Nkaα1c with anti-
Nkcc1/Ncc (T4) antibodies. Immunofluorescence of anti-Nkaα1c 
(green) and anti-Nkcc1/Ncc (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red 








Fig. 22 Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
cystic fibrosis transmembrane conductance regulator (Cftr) in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the 
gills of A. testudineus after 6 days (d) of exposure to seawater (SW; 
salinity 30) following a progressive increase in salinity, using anti-
Nkaα1c with anti-Cftr (clone #T24-1) antibodies. Immunofluorescence 
of anti-Nkaα1c (green) and anti-Cftr (red) antibodies are shown in (i) 
and (ii), respectively. Both channels (green and red) are merged in (iii) 
and overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Magnification: 400×. ………………………………... 
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Fig. 23 Immunofluorescent localization of rhesus blood group-associated 
glycoprotein (Rhag) and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or 
Nkaα1c in the gills of Anabas testudineus. Double immunofluorescence 
was performed on the gills of A. testudineus kept in (A) fresh water 
(FW; control) using anti-Rhag and anti-Nkaα1a antibodies, or (B) after 6 
days (d) of exposure to seawater (SW; salinity 30), following a 
progressive increase in salinity, using anti-Rhag and anti-Nkaα1b 
antibodies, or (C) after 6 d of exposure to SW, following a progressive 
increase in salinity, using anti-Rhag and anti-Nkaα1c antibodies. 
Immunofluorescence of anti-Rhag (green) and anti-Nkaα1b or anti-
Nkaα1c (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). 




Fig. 24 Immunofluorescent localization of rhesus family B glycoprotein (Rhbg) 
and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the 
gills of A. testudineus kept in (A) fresh water (FW; control) using anti-
Rhbg and anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 
seawater (SW; salinity 30), following a progressive increase in salinity, 
using anti-Rhbg and anti-Nkaα1b antibodies, or (C) after 6 d of exposure 
to SW, following a progressive increase in salinity, using anti-Rhbg and 
anti-Nkaα1c antibodies.  Immunofluorescence of anti-Rhbg (green) and 
anti-Nkaα1b or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for 







Fig. 25 Immunofluorescent localization of rhesus family C glycoprotein 1 
(Rhcg1) and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the 
gills of Anabas testudineus. Double immunofluorescence was performed 
on the gills of A. testudineus kept in (A) fresh water (FW; control) using 
anti-Rhcg1 and anti-Nkaα1a antibodies, or (B) after 6 days (d) of 
exposure to seawater (SW; salinity 30), following a progressive increase 
in salinity, using anti-Rhcg1 and anti-Nkaα1b antibodies, or (C) after 6 d 
of exposure to SW, following a progressive increase in salinity, using 
anti-Rhcg1 and anti-Nkaα1c antibodies.  Immunofluorescence of anti-
Rhcg1 (green) and anti-Nkaα1b or anti-Nkaα1c (red) antibodies are 
shown in (i) and (ii), respectively. Both channels (green and red) are 
merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Arrows in (B) (iv) indicate the apical 
staining of Rhcg1. Magnification: 400×. ………………………………... 
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Fig. 26 Immunofluorescent localization of rhesus family C glycoprotein 2 
(Rhcg2) and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the 
gills of Anabas testudineus. Double immunofluorescence was performed 
on the gills of A. testudineus kept in (A) fresh water (FW; control) using 
anti-Rhcg2 and anti-Nkaα1a antibodies, or (B) after 6 days (d) of 
exposure to seawater (SW; salinity 30), following a progressive increase 
in salinity, using anti-Rhcg2 and anti-Nkaα1b antibodies, or (C) after 6 d 
of exposure to SW, following a progressive increase in salinity, using 
anti-Rhcg2 and anti-Nkaα1c antibodies.  Immunofluorescence of anti-
Rhcg2 (green) and anti-Nkaα1b or anti-Nkaα1c (red) antibodies are 
shown in (i) and (ii), respectively. Both channels (green and red) are 
merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Co-localization of staining from the green 
and red channels resulted in a yellow-orange colouration. The arrow in 




Fig. 27 Immunofluorescent localization of sodium/hydrogen exchanger 3 
(Nhe3) and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the 
gills of Anabas testudineus. Double immunofluorescence was performed 
on the gills of A. testudineus kept in (A) fresh water (FW; control) using 
anti-Nhe3 and anti-Nkaα1a antibodies, or (B) after 6 days (d) of 
exposure to seawater (SW; salinity 30), following a progressive increase 
in salinity, using anti-Nhe3 and anti-Nkaα1b antibodies, or (C) after 6 d 
of exposure to SW, following a progressive increase in salinity, using 
anti-Nhe3 and anti-Nkaα1c antibodies. Immunofluorescence of anti-
Nhe3 (green) and anti-Nkaα1b or anti-Nkaα1c (red) antibodies are 
shown in (i) and (ii), respectively. Both channels (green and red) are 
merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Co-localization of staining from the green 
and red channels resulted in either a red-orange or yellow-orange 
colouration. Arrows in (B) (iv) indicate apical localization of Nhe3. 





Fig. 28 Immunofluorescent localization of aquaporin 1aa (Aqp1aa) and Na+/K+-
ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of 
A. testudineus kept in (A) fresh water (FW; control) using anti-Aqp1aa 
and anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 
seawater (SW; salinity 30), following a progressive increase in salinity, 
using anti-Aqp1aa and anti-Nkaα1b antibodies, or (C) after 6 d of 
exposure to SW, following a progressive increase in salinity, using anti-
Aqp1aa and anti-Nkaα1c antibodies. Immunofluorescence of anti-
Aqp1aa (green) and anti-Nkaα1b or anti-Nkaα1c (red) antibodies are 
shown in (i) and (ii), respectively. Both channels (green and red) are 
merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Arrows in (A) (iv) indicate the apical 
localization of Aqp1aa. Magnification: 400×.…………………………… 
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Fig. 29 Immunofluorescent localization of aquaporin 1ab (Aqp1ab) and Na+/K+-
ATPase α1a (Nkaα1a), Nkaα1b and Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of 
A. testudineus kept in (A) fresh water (FW; control) using anti-Aqp1ab 
and anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 
seawater (SW; salinity 30), following a progressive increase in salinity, 
using anti-Aqp1ab and anti-Nkaα1b antibodies, or (C) after 6 d of 
exposure to SW, following a progressive increase in salinity, using anti-
Aqp1ab and anti-Nkaα1c antibodies. Immunofluorescence of anti-
Aqp1ab (green) and anti-Nkaα1b or anti-Nkaα1c (red) antibodies are 
shown in (i) and (ii), respectively. Both channels (green and red) are 
merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Co-localization of staining from the green 
and red channels resulted in a red-orange colouration. Arrows in (B) (iv) 
indicate the apical localization of Aqp1ab while those in (C) (iv) 




Fig. 30 Immunofluorescent localization of aquaporin 7 (Aqp7) and Na+/K+-
ATPase α1a (Nkaα1a), Nkaα1b and Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of 
A. testudineus kept in (A) fresh water (FW; control) using anti-Aqp7 and 
anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to seawater 
(SW; salinity 30), following a progressive increase in salinity, using 
anti-Aqp7 and anti-Nkaα1b antibodies, or (C) after 6 d of exposure to 
SW, following a progressive increase in salinity, using anti-Aqp7 and 
anti-Nkaα1c antibodies. Immunofluorescence of anti-Aqp7 (green) and 
anti-Nkaα1b or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red 
channels resulted in a red-orange colouration. Arrows in (B) (iv) 
indicate the apical localization of Aqp7 while those in (C) (iv) indicate 





Fig. 31 Proposed model of a freshwater-type ionocyte in the gills of Anabas 
testudineus involved in Na+ and Cl- absorption. Ncc, Na+:Cl- co-




Fig. 32 Proposed model of a freshwater-type ionocyte in the gills of Anabas 
testudineus involved in water transport. Nkcc1a, Na+:K+:2Cl- 




Fig. 33 Proposed model of a seawater-type (Nkaα1c-labelled) ionocyte in the 
gills of Anabas testudineus involved in Na+ and Cl- secretion. Cftr, 
cystic fibrosis transmembrane conductance regulator; Nkaα1c, Na+/K+-
ATPase α1c; Nkcc1a, Na+:K+:2Cl- cotransporter 1a; AC, accessory cell. 
(Based on results from Figs. 20 and 22)…………..................................... 
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Fig. 34 Proposed model of a seawater-type (Nkaα1b-labelled) ionocyte in the 
gills of Anabas testudineus involved in ammonia excretion and acid-
base regulation. Nhe3, sodium/hydrogen exchanger 3; Rhcg1, rhesus 
family C glycoprotein 1; Nkaα1b, Na+/K+-ATPase α1b; AC, accessory 
cell. (Based on results from Figs. 25 and 27)……………………………. 
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Fig. 35 Proposed models of a freshwater-type ionocyte in the gills of Anabas 
testudineus involved in ammonia excretion. Ammonia could be 
transported across the ionocyte as (A) NH3 and/or (B) NH4
+. Rhag, 
rhesus blood group-associated glycoprotein; Nkaα1a, Na+/K+-ATPase 
α1a; Rhcg2, rhesus family C glycoprotein 2; Nkcc1a, Na+:K+:2Cl- 
cotransporter 1a. Transporter in grey had no mRNA or protein 
localization data. (Based on results from Figs. 20, 23 and 26)…………... 
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Fig. 36 Proposed model of a seawater-type (Nkaα1b-labelled) ionocyte in the 
gills of Anabas testudineus involved in ammonia excretion. Ammonia 
could enter Rhag as (A) NH3 and/or (B) NH4
+. Rhag, rhesus blood 
group-associated glycoprotein; Nhe3, sodium/hydrogen exchanger 3; 
Nkaα1b, Na+/K+-ATPase α1b; AC, accessory cell. (Based on results 
from Figs. 23 and 27)…………………………………………………….. 
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Fig. 37 Proposed model of a seawater-type (Nkaα1c-labelled) ionocyte in the 
gills of Anabas testudineus involved in ammonia excretion. Ammonia 
could enter Rhag and Rhcg2 as (A) NH3 and/or (B) NH4
+. Rhag, rhesus 
blood group-associated glycoprotein; Nkaα1c, Na+/K+-ATPase α1c; 
Rhcg2, rhesus family C glycoprotein 2; Nkcc1a, Na+:K+:2Cl- 
cotransporter 1a; AC, accessory cell.  Transporter in grey had no mRNA 
or protein localization data. (Based on results from Figs. 20, 23 and 26).. 
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Fig. 38 Proposed model of a seawater-type (Nkaα1c-labelled) ionocyte in the 
gills of Anabas testudineus involved in acid-base regulation. Nkaα1c, 
Na+/K+-ATPase α1c; Nhe3, sodium/hydrogen exchanger 3; AC, 





Fig. 39 Proposed models of a freshwater-type ionocyte in the gills of Anabas 
testudineus involved in (A) CO2, (B) NH3 or (C) water transport. Fig. 46 
(C) is an extension of the model in Fig. 39. Aqp1aa, aquaporin 1aa; 
Nkaα1a, Na+/K+-ATPase α1a; Aqp1ab, aquaporin 1ab; Nkcc1a, 




Fig. 40 Proposed model of a seawater-type (Nkaα1b-labelled) ionocyte in the 
gills of Anabas testudineus involved in (A) CO2 or (B) NH3 transport. 
Aqp1ab, aquaporin 1ab; Aqp7, aquaporin 7; Nkaα1b, Na+/K+-ATPase 
α1b; AC, accessory cell. (Based on results from Figs. 29 and 30)………. 
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Fig. 41 Proposed model of a seawater-type (Nkaα1c-labelled) ionocyte in the 
gills of Anabas testudineus involved in (A) CO2 or (B) NH3 transport. 
Nkaα1c, Na+/K+-ATPase α1c; Aqp1ab, aquaporin 1ab; Aqp7, aquaporin 
7; AC, accessory cell. (Based on results from Figs. 29 and 30)…………. 
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Fig. 42 Distribution of assembled contigs of the combined transcriptome of the 
gills of Anabas testudineus kept in fresh water or exposed to 100 mmol 
l-1 NH4Cl for 6 days. (A) Number and percentage of assembled contigs 
with different contig length (kb). Contig lengths for N-25, N-50 and N-
75 are also indicated. (B) Cumulative number and percentage of 
assembled contigs with different average coverage. A dotted line 
delineates the steep and gradual cumulative increase in contig counts 




Fig. 43 In silico evaluation (using BLASTN with 26 full-length Sanger coding 
sequences of Anabas testudineus) of the combined transcriptome of the 
gills of A. testudineus kept in fresh water or exposed to 100 mmol l-1 
NH4Cl for 6 days. (A) Percentage distribution (number) of the 26 Sanger 
sequences with respective best hit grouped within different BLASTN E-
value range. (B) Percentage distribution (number) of the 26 Sanger 
sequences with different full length sizes (bp) grouped within different 
BLASTN E-value range. (C) Percentage distribution (number) of the 26 
Sanger sequences with different percentage hit length grouped within 
different BLASTN E-value range. (D) Percentage distribution (number) 
of the 26 Sanger sequences with different average coverage grouped 





Fig. 44 Functional annotation analyses of the combined transcriptome of the 
gills of Anabas testudineus kept in fresh water or exposed to 100 mmol 
l-1 NH4Cl for 6 days. (A) Percentage distribution of the putative human 
homolog encoded proteins within different sub-cellular locations. (B) 
Percentage distribution of the putative human homolog encoded proteins 
according to their functional type. (C) Significantly enriched (P<0.05) 
biological processes that are associated with the putative human 
homolog encoded proteins.……………………………………………… 
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Fig. 45 Quantitative real-time PCR (qPCR) of selected genes from various gene 
categories. Relative mRNA expression (calculated based on 2-∆∆CT) of 
cystic fibrosis transmembrane conductance regulator (cftr), 
Na+:K+:2Cl- cotransporter 1a (nkcc1a), Na+/K+-ATPase α1c (nkaα1c), 
sodium bicarbonate cotransporter 1 (nbc1), V-type proton ATPase 
subunit A (atp6v1a), V-type proton ATPase subunit d1 (atp6v0d1), 
facilitated glucose transporter membrane 4 (glut4), glutamine 
synthetase 2 (gs2), aquaporin 3a (aqp3a), apoptosis-inducing factor 3 
(aif3), tumour necrosis factor receptor superfamily member 6B (tnf6B) 
and proliferating cell nuclear antigen (pcna), with myocyte-specific 
enhancer factor 2A as the reference gene, in the gills of Anabas 
testudineus kept in fresh water (FW; control) in comparison with 6 days 
of exposure to 100 mmol l-1 NH4Cl.  Results represent mean ± S. E. M 
(N=4). Asterisks indicate significant difference from the corresponding 
freshwater control (P<0.05).…………………………………………….. 
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Fig. 46 mRNA expression levels of Na+/K+-ATPase (nka) in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=5) of (A) nkaα1a, (B) nkaα1b or (C) nkaα1c transcripts in the gills of 
A. testudineus kept in fresh water (FW; control) or after 1 or 6 days (d) 
of exposure to 100 mmol l-1 NH4Cl. Results represent means ± S.E.M. 
Means not sharing the same letter are significantly different (P <0.05)… 
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Fig. 47 mRNA expression levels of cystic fibrosis transmembrane conductance 
regulator (cftr) in the gills of Anabas testudineus. Absolute 
quantification (copies of transcript per ng cDNA; N=5) of cftr 
transcripts in the gills of A. testudineus kept in fresh water (FW; control) 
or after 1 or 6 days (d) of exposure to 100 mmol l-1 NH4Cl. Results 
represent means ± S.E.M. Means not sharing the same letter are 
significantly different (P <0.05)…………………………………………. 
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Fig. 48 mRNA expression levels of Na+:Cl- co-transporter (ncc) in the gills of 
Anabas testudineus. Absolute quantification (copies of transcript per ng 
cDNA; N=4) of ncc transcripts in the gills of A. testudineus kept in fresh 
water (FW; control) or after 1, 3 or 6 days (d) of exposure to 100 mmol 
l-1 NH4Cl. Results represent means ± S.E.M. Means not sharing the 




Fig. 49 mRNA expression levels of Na+:K+:2Cl- cotransporter 1a (nkcc1a) in 
the gills of Anabas testudineus. Absolute quantification (copies of 
transcript per ng cDNA; N=5) of nkcc1a transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1 or 6 days (d) of 
exposure to 100 mmol l-1 NH4Cl. Results represent means ± S.E.M. 




Fig. 50 mRNA expression levels of Na+:K+:2Cl- cotransporter 1b (nkcc1b) in 
the gills of Anabas testudineus. Absolute quantification (copies of 
transcript per ng cDNA; N=4) of nkcc1b transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1, 3 or 6 days (d) 
of exposure to 100 mmol l-1 NH4Cl. Results represent means ± S.E.M. 




Fig. 51 mRNA expression levels of rhesus glycoproteins in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=4) of (A) rhesus blood group-associated glycoprotein (rhag), (B) 
rhesus family B glycoprotein (rhbg), (C) rhesus family C glycoprotein 1 
(rhcg1) or (D) rhesus family C glycoprotein 2 (rhcg2) transcripts in the 
gills of A. testudineus kept in fresh water (FW; control) or after 1, 3 or 6 
days (d) of exposure to 100 mmol l-1 NH4Cl. Results represent means ± 




Fig. 52 mRNA expression levels of sodium/hydrogen exchanger (nhe) in the 
gills of Anabas testudineus. Absolute quantification (copies of transcript 
per ng cDNA; N=4) of (A) nhe1 or (B) nhe3 transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1, 3 or 6 days (d) 
of exposure to 100 mmol l-1 NH4Cl. Results represent means ± S.E.M. 




Fig. 53 mRNA expression levels of aquaporin 1aa (aqp1aa) in the gills of 
Anabas testudineus. Absolute quantification (copies of transcript per ng 
cDNA; N=5) of aqp1aa transcripts in the gills of A. testudineus kept in 
fresh water (FW; control) or after 1 or 6 days (d) of exposure to 100 
mmol l-1 NH4Cl. Results represent means ± S.E.M. Means not sharing 
the same letter are significantly different (P <0.05)................................... 
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Fig. 54 mRNA expression levels of aquaporin (aqp) in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=4) of (A) aqp1ab, (B) aqp3a, (C) aqp7 or (D) aqp11 transcripts in the 
gills of A. testudineus kept in fresh water (FW; control) or after 1, 3 or 6 
days (d) of exposure to 100 mmol l-1 NH4Cl. Results represent means ± 






Fig. 55 Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1a in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-NKAαRb1 and anti-
Nkaα1a antibodies on the gills of A. testudineus kept in (A) fresh water 
(FW; control) or (B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl. 
Immunofluorescence of anti-NKAαRb1 (green) and anti-Nkaα1a (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference 
contrast (DIC) image for orientation in (iv). Co-localization of staining 




Fig. 56 Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1b in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-NKAαRb1 and anti-
Nkaα1b antibodies on the gills of A. testudineus kept in (A) fresh water 
(FW; control) or (B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl. 
Immunofluorescence of anti-NKAαRb1 (green) and anti-Nkaα1b (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference 
contrast (DIC) image for orientation in (iv). Magnification: 400×. …….. 
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Fig. 57 Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1c in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-NKAαRb1 and anti-
Nkaα1c antibodies on the gills of A. testudineus kept in (A) fresh water 
(FW; control) or (B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl. 
Immunofluorescence of anti-NKAαRb1 (green) and anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference 
contrast (DIC) image for orientation in (iv). Co-localization of staining 




Fig. 58 Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Nkaα1a in the gills of Anabas testudineus. Double immunofluorescence 
was performed using anti-Nkaα1c and anti-Nkaα1a antibodies on the 
gills of A. testudineus kept in (A) fresh water (FW; control) or (B) after 
6 days (d) of exposure to 100 mmol l-1 NH4Cl. Immunofluorescence of 
anti-Nkaα1c (green) and anti-Nkaα1a (red) antibodies are shown in (i) 
and (ii), respectively. Both channels (green and red) are merged in (iii) 
and overlaid with differential interference contrast (DIC) image for 




Fig. 59 Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Nkaα1b in the gills of Anabas testudineus. Double immunofluorescence 
was performed using anti-Nkaα1c and anti-Nkaα1b antibodies on the 
gills of A. testudineus kept in (A) fresh water (FW; control) or (B) after 
6 days (d) of exposure to 100 mmol l-1 NH4Cl. Immunofluorescence of 
anti-Nkaα1c (green) and anti-Nkaα1b (red) antibodies are shown in (i) 
and (ii), respectively. Both channels (green and red) are merged in (iii) 
and overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Magnification: 400×.………………………………… 
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Fig. 60 Immunofluorescent localization of Na+:Cl- co-transporter (Ncc) and 
Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of 
A. testudineus kept in (A) fresh water (FW; control) using anti-Ncc and 
anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol 
l-1 NH4Cl using anti-Ncc and anti-Nkaα1a antibodies or (C) after 6 d of 
exposure to 100 mmol l-1 NH4Cl using anti-Ncc and anti-Nkaα1c 
antibodies. Immunofluorescence of anti-Ncc (green) and anti-Nkaα1a or 
anti-Nkaα1c (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). 




Fig. 61 Immunofluorescent localization of Na+:K+:2Cl- cotransporter 1a 
(Nkcc1a) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the 
gills of A. testudineus kept in (A) fresh water (FW; control) using anti-
Nkcc1a and anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure 
to 100 mmol l-1 NH4Cl using anti-Nkcc1a and anti-Nkaα1a or (C) after 6 
d of exposure to 100 mmol l-1 NH4Cl using anti-Nkcc1a and anti-
Nkaα1c antibodies. Immunofluorescence of anti-Nkcc1a (green) and 
anti-Nkaα1a or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red 
channels resulted in a yellow-orange colouration. Arrows in (A) (iv) 
indicate the cells that were labelled with only Nkaα1a while those in (B) 





Fig. 62 Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Na+:K+:2Cl- cotransporter 1 (Nkcc1) in the gills of Anabas testudineus. 
Double immunofluorescence was performed on the gills of A. 
testudineus after 6 days (d) of exposure to 100 mmol l-1 NH4Cl, using 
anti-Nkaα1c with anti-Nkcc1/Ncc (T4) antibodies. Immunofluorescence 
of anti-Nkaα1c (green) and anti-Nkcc1/Ncc (red) antibodies are shown 
in (i) and (ii), respectively. Both channels (green and red) are merged in 
(iii) and overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red 
channels resulted in a yellow-orange colouration. Magnification: 400×... 
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Fig. 63 Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
cystic fibrosis transmembrane conductance regulator (Cftr) in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the 
gills of A. testudineus after 6 days (d) of exposure to 100 mmol l-1 
NH4Cl, using anti-Nkaα1c with anti-Cftr (clone #T24-1) antibodies. 
Immunofluorescence of anti-Nkaα1c (green) and anti-Cftr (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference 
contrast (DIC) image for orientation in (iv). Cells that are not co-
localized with Nkaα1c indicate non-specific staining of erythrocytes. 




Fig. 64 Immunofluorescent localization of rhesus blood group-associated 
glycoprotein (Rhag) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the 
gills of Anabas testudineus. Double immunofluorescence was performed 
on the gills of A. testudineus kept in (A) fresh water (FW; control) using 
anti-Rhag and anti-Nkaα1a antibodies, or (B) after 6 days (d) of 
exposure to 100 mmol l-1 NH4Cl using anti-Rhag and anti-Nkaα1a 
antibodies or (C) after 6 d of exposure to 100 mmol l-1 NH4Cl using 
anti-Rhag and anti-Nkaα1c antibodies. Immunofluorescence of anti-
Rhag (green) and anti-Nkaα1a or anti-Nkaα1c (red) antibodies are 
shown in (i) and (ii), respectively. Both channels (green and red) are 
merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Arrows in (A) (iv) and (C) (iv) indicate the 
apical localization of Rhag. Magnification: 400×. ……………………… 
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Fig. 65 Immunofluorescent localization of rhesus family B glycoprotein (Rhbg) 
and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of 
A. testudineus kept in (A) fresh water (FW; control) using anti-Rhbg and 
anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol 
l-1 NH4Cl using anti-Rhbg and anti-Nkaα1a antibodies or (C) after 6 d of 
exposure to 100 mmol l-1 NH4Cl using anti-Rhbg and anti-Nkaα1c 
antibodies. Immunofluorescence of anti-Rhbg (green) and anti-Nkaα1a 
or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), respectively. 
Both channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). 





Fig. 66 Immunofluorescent localization of rhesus family C glycoprotein 1 
(Rhcg1) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the 
gills of A. testudineus kept in (A) fresh water (FW; control) using anti-
Rhcg1 and anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 
100 mmol l-1 NH4Cl using anti-Rhcg1 and anti-Nkaα1a antibodies or (C) 
after 6 d of exposure to 100 mmol l-1 NH4Cl using anti-Rhcg1 and anti-
Nkaα1c antibodies. Immunofluorescence of anti-Rhcg1 (green) and anti-
Nkaα1a or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Magnification: 400×. ………………………………... 
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Fig. 67 Immunofluorescent localization of rhesus family C glycoprotein 2 
(Rhcg2) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the 
gills of A. testudineus kept in (A) fresh water (FW; control) using anti-
Rhcg2 and anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 
100 mmol l-1 NH4Cl using anti-Rhcg2 and anti-Nkaα1a antibodies or (C) 
after 6 d of exposure to 100 mmol l-1 NH4Cl using anti-Rhcg2 and anti-
Nkaα1c antibodies. Immunofluorescence of anti-Rhcg2 (green) and anti-
Nkaα1a or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red 
channels resulted in a yellow-orange colouration. Arrows in (B) (iv) and 




Fig. 68 Immunofluorescent localization of sodium/hydrogen exchanger 3 
(Nhe3) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the 
gills of A. testudineus kept in (A) fresh water (FW; control) using anti-
Nhe3 and anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 
100 mmol l-1 NH4Cl using anti-Nhe3 and anti-Nkaα1a antibodies or (C) 
after 6 d of exposure to 100 mmol l-1 NH4Cl using anti-Nhe3 and anti-
Nkaα1c antibodies. Immunofluorescence of anti-Nhe3 (green) and anti-
Nkaα1a or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red 
channels resulted in a red-orange colouration. Arrows in (B) (iv) 







Fig. 69 Immunofluorescent localization of aquaporin 1aa (Aqp1aa) and Na+/K+-
ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas testudineus. 
Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Aqp1aa and 
anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol 
l-1 NH4Cl using anti-Aqp1aa and anti-Nkaα1a antibodies or (C) after 6 d 
of exposure to 100 mmol l-1 NH4Cl using anti-Aqp1aa and anti-Nkaα1c 
antibodies. Immunofluorescence of anti-Aqp1aa (green) and anti-
Nkaα1a or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Arrows in (A) (iv) and (B) (iv) indicate the apical 
localization of Aqp1aa. Magnification: 400×.…………………………… 
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Fig. 70 Immunofluorescent localization of aquaporin 1ab (Aqp1ab) and Na+/K+-
ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas testudineus. 
Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Aqp1ab and 
anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol 
l-1 NH4Cl using anti-Aqp1ab and anti-Nkaα1a antibodies or (C) after 6 d 
of exposure to 100 mmol l-1 NH4Cl using anti-Aqp1ab and anti-Nkaα1c 
antibodies. Immunofluorescence of anti-Aqp1ab (green) and anti-
Nkaα1a or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red 
channels resulted in a red-orange colouration. The arrow in (B) (iv) 
indicates the basolateral localization of Aqp1ab while the arrow in (C) 
(iv) indicates the cell labelled with only Aqp1ab. Magnification: 400×… 
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Fig. 71 Immunofluorescent localization of aquaporin 7 (Aqp7) and Na+/K+-
ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas testudineus. 
Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Aqp7 and 
anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol 
l-1 NH4Cl using anti-Aqp7 and anti-Nkaα1a antibodies or (C) after 6 d of 
exposure to 100 mmol l-1 NH4Cl using anti-Aqp7 and anti-Nkaα1c 
antibodies. Immunofluorescence of anti-Aqp7 (green) and anti-Nkaα1a 
or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), respectively. 
Both channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Co-
localization of staining from the green and red channels resulted in a 
red-orange colouration. Magnification: 400×.…………………………… 
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Fig. 72 TUNEL assay for determination of apoptotic cells in the gills of Anabas 
testudineus. Apoptotic cells are indicated by TUNEL-positive nuclei 
(green) in the gills of A. testudineus kept in (A) fresh water (FW; 
control) or after (B) 1 day (d), (C) 3 d and (D) 6 d of exposure to 100 
mmol l-1 NH4Cl.  All sections were counterstained with nuclear stain 





Fig. 73 Proposed model of an ammonia-type ionocyte (Nkaα1c-labelled) in the 
gills of Anabas testudineus involved in active NH4
+ excretion. Cftr, 
cystic fibrosis transmembrane conductance regulator; Nkaα1c, Na+/K+-
ATPase α1c; Nkcc1b, Na+:K+:2Cl- cotransporter 1b. (Based on results 
from Figs. 62 and 63)…………………………………………………….. 
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Fig. 74 Proposed model of an ammonia-type ionocyte (Nkaα1a-labelled) in the 
gills of Anabas testudineus involved in water transport. Nkaα1a, 
Na+/K+-ATPase α1a; Nkcc1a, Na+:K+:2Cl- cotransporter 1a. (Based on 
results from Fig. 61)……………………………………………………... 
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Fig. 75 Proposed models of an ammonia-type ionocyte (Nkaα1c-labelled) in the 
gills of Anabas testudineus involved in active NH4
+ excretion. NH4
+ 
could enter the basolateral membrane though (A) Nkcc1b and/or (B) 
Rhcg2. Model depicted in Fig. 89 (A) is an extension of Fig. 86. Cftr, 
cystic fibrosis transmembrane conductance regulator; Nkaα1c, Na+/K+-
ATPase α1c; Nkcc1b, Na+:K+:2Cl- cotransporter 1b; Rhag, rhesus blood 
group-associated glycoprotein; Rhcg2, rhesus family C glycoprotein 2. 
(Based on results from Figs. 62, 63, 64 and 67)………………………..... 
 
312 
Fig. 76 Proposed model of an ammonia-type ionocyte (Nkaα1a-labelled) in the 
gills of Anabas testudineus involved in the transport of CO2. Nkaα1a, 
Na+/K+-ATPase α1a; Rhcg2, rhesus family C glycoprotein 2.  (Based on 
results from Fig. 67)……………………………………………………... 
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Fig. 77 Proposed models of ammonia-type ionocytes (Nkaα1a- and Nkaα1c-
labelled) in the gills of Anabas testudineus involved in acid-base 
regulation. Nkaα1a, Na+/K+-ATPase α1a; Nkaα1c, Na+/K+-ATPase α1c; 




Fig. 78 Proposed models of an ammonia-type ionocyte (Nkaα1a-labelled) in the 
gills of Anabas testudineus involved in the transport of CO2 or water. 
(A) Involvement of Aqp1aa and Aqp1ab in CO2 transport. (B) 
Involvement of Aqp1aa in water transport. This model is an extension of 
Fig. 74. (C) Involvement of Aqp1aa and Rhcg2 in CO2 transport. This 
model is an extension of Fig. 75. Nkaα1a, Na+/K+-ATPase α1a; Nkcc1a, 
Na+:K+:2Cl- cotransporter 1a, Rhcg2, rhesus family C glycoprotein 2; 
Aqp1aa, aquaporin 1aa; Aqp1ab, aquaporin 1ab.  (Based on results from 
Figs. 61, 67, 69 and 70)….......................................................................... 
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Fig. 79 Distribution of assembled contigs of the combined transcriptome of the 
gills of Anabas testudineus kept in fresh water or exposed to terrestrial 
conditions for 2 days. (A) Number and percentage of assembled contigs 
with different contig length (kb). Contig lengths for N-25, N-50 and N-
75 are also indicated. (B) Cumulative number and percentage of 
assembled contigs with different average coverage. A dotted line 
delineates the steep and gradual cumulative increase in contig counts 





Fig. 80 In silico evaluation (using BLASTN with 26 full-length Sanger coding 
sequences of Anabas testudineus) of the combined transcriptome of the 
gills of A. testudineus kept in fresh water or exposed to terrestrial 
conditions for 2 days. (A) Percentage distribution (number) of the 26 
Sanger sequences with respective best hit grouped within different 
BLASTN E-value range. (B) Percentage distribution (number) of the 26 
Sanger sequences with different full length sizes (bp) grouped within 
different BLASTN E-value range. (C) Percentage distribution (number) 
of the 26 Sanger sequences with different percentage hit length grouped 
within different BLASTN E-value range. (D) Percentage distribution 
(number) of the 26 Sanger sequences with different average coverage 
grouped within different BLASTN E-value range.……………………… 
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Fig. 81 Functional annotation analyses of the combined transcriptome of the 
gills of Anabas testudineus kept in fresh water or exposed to terrestrial 
conditions for 2 days. (A) Percentage distribution of the putative human 
homolog encoded proteins within different sub-cellular locations. (B) 
Percentage distribution of the putative human homolog encoded proteins 
according to their functional type. (C) Significantly enriched (P<0.05) 
biological processes that are associated with the putative human 
homolog encoded proteins.………………………………………………. 
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Fig. 82 Quantitative real-time PCR (qPCR) of selected genes from various gene 
categories. Relative mRNA expression (calculated based on 2-∆∆CT) of 
Na+:K+:2Cl- cotransporter 1b (nkcc1b), sodium bicarbonate 
cotransporter 1 (nbc1), V-type proton ATPase subunit d1 (atp6v0d1), 
chloride channel protein 2 (clc2), rhesus family C glycoprotein 2 
(rhcg2),  facilitated glucose transporter membrane 1 (glut1), apoptosis-
inducing factor 3 (aif3), tumour necrosis factor receptor superfamily 
member 6B (tnf6B), aquaporin 1aa (aqp1aa) and aquaporin 3a (aqp3a), 
with rho GTPase as the reference gene, in the gills of Anabas 
testudineus kept in fresh water (control) in comparison with 2 days (d) 
of exposure to terrestrial conditions. Results represent mean ± S. E. M 
(N=4). Asterisks indicate significant difference from the corresponding 
freshwater control (P<0.05).…………………………………………….. 
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Fig. 83 mRNA expression levels of Na+/K+-ATPase (nka) in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=4) of (A) nkaα1a, (B) nkaα1b or (C) nkaα1c transcripts in the gills of 
A. testudineus kept in fresh water (FW; control) or after 1, 3 or 6 days 
(d) of exposure to terrestrial conditions. Results represent means ± 






Fig. 84 mRNA expression levels of cystic fibrosis transmembrane conductance 
regulator (cftr) in the gills of Anabas testudineus. Absolute 
quantification (copies of transcript per ng cDNA; N=4) of cftr 
transcripts in the gills of A. testudineus kept in fresh water (FW; control) 
or after 1, 3 or 6 days (d) of exposure to terrestrial conditions. Results 
represent means ± S.E.M. Means not sharing the same letter are 
significantly different (P<0.05).…………………………………………. 
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Fig. 85 mRNA expression levels of Na+:Cl- co-transporter (ncc) in the gills of 
Anabas testudineus. Absolute quantification (copies of transcript per ng 
cDNA; N=4) of ncc transcripts in the gills of A. testudineus kept in fresh 
water (FW; control) or after 1, 3 or 6 days (d) of exposure to terrestrial 
conditions. Results represent means ± S.E.M. Means not sharing the 
same letter are significantly different (P<0.05).…………………………. 
 
371 
Fig. 86 mRNA expression levels of Na+:K+:2Cl- cotransporter 1a (nkcc1a) in 
the gills of Anabas testudineus. Absolute quantification (copies of 
transcript per ng cDNA; N=4) of nkcc1a transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1, 3 or 6 days (d) 
of exposure to terrestrial conditions. Results represent means ± S.E.M. 
Means not sharing the same letter are significantly different (P<0.05).… 
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Fig. 87 mRNA expression levels of Na+:K+:2Cl- cotransporter 1b (nkcc1b) in 
the gills of Anabas testudineus. Absolute quantification (copies of 
transcript per ng cDNA; N=4) of nkcc1b transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1, 3 or 6 days (d) 
of exposure to terrestrial conditions. Results represent means ± S.E.M. 
Means not sharing the same letter are significantly different (P<0.05).… 
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Fig. 88 mRNA expression levels of rhesus blood group-associated glycoprotein 
(rhag) in the gills of Anabas testudineus. Absolute quantification (copies 
of transcript per ng cDNA; N=4) of rhag transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1, 3 or 6 days (d) 
of exposure to terrestrial conditions. Results represent means ± S.E.M. 
Means not sharing the same letter are significantly different (P<0.05).… 
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Fig. 89 mRNA expression levels of sodium/hydrogen exchanger (nhe) in the 
gills of Anabas testudineus. Absolute quantification (copies of transcript 
per ng cDNA; N=4) of (A) nhe1 or (B) nhe3 transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1, 3 or 6 days (d) 
of exposure to terrestrial conditions. Results represent means ± S.E.M. 
Means not sharing the same letter are significantly different (P<0.05)…. 
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Fig. 90 mRNA expression levels of aquaporin (aqp) in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=4) of (A) aqp1aa, (B) aqp1ab, (C) aqp3a, (D) aqp7 or (E) aqp11 
transcripts in the gills of A. testudineus kept in fresh water (FW; control) 
or after 1, 3 or 6 days (d) of exposure to terrestrial conditions. Results 
represent means ± S.E.M. Means not sharing the same letter are 





Fig. 91 Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1a in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-NKAαRb1 and anti-
Nkaα1a antibodies on the gills of A. testudineus kept in (A) fresh water 
(FW; control) or (B) after 6 days (d) of exposure to terrestrial 
conditions. Immunofluorescence of anti-NKAαRb1 (green) and anti-
Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Co-
localization of staining from the green and red channels resulted in a 
yellow-orange colouration. Magnification: 400×. ………………………. 
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Fig. 92 Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1b in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-NKAαRb1 and anti-
Nkaα1b antibodies on the gills of A. testudineus kept in (A) fresh water 
(FW; control) or (B) after 6 days (d) of exposure to terrestrial 
conditions. Immunofluorescence of anti-NKAαRb1 (green) and anti-
Nkaα1b (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with 




Fig. 93 Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1c in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-NKAαRb1 and anti-
Nkaα1c antibodies on the gills of A. testudineus kept in (A) fresh water 
(FW; control) or (B) after 6 days (d) of exposure to terrestrial 
conditions. Immunofluorescence of anti-NKAαRb1 (green) and anti-
Nkaα1c (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Co-
localization of staining from the green and red channels resulted in a 
yellow-orange colouration. Magnification: 400×. ………………………. 
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Fig. 94 Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Nkaα1a in the gills of Anabas testudineus. Double immunofluorescence 
was performed using anti-Nkaα1c and anti-Nkaα1a antibodies on the 
gills of A. testudineus kept in (A) fresh water (FW; control) or (B) after 
6 days (d) of exposure to terrestrial conditions. Immunofluorescence of 
anti-Nkaα1c (green) and anti-Nkaα1a (red) antibodies are shown in (i) 
and (ii), respectively. Both channels (green and red) are merged in (iii) 
and overlaid with differential interference contrast (DIC) image for 





Fig. 95 Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Nkaα1b in the gills of Anabas testudineus. Double immunofluorescence 
was performed using anti-Nkaα1c and anti-Nkaα1b antibodies on the 
gills of A. testudineus kept in (A) fresh water (FW; control) or (B) after 
6 days (d) of exposure to terrestrial conditions. Immunofluorescence of 
anti-Nkaα1c (green) and anti-Nkaα1b (red) antibodies are shown in (i) 
and (ii), respectively. Both channels (green and red) are merged in (iii) 
and overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Magnification: 400×.………………………………… 
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Fig. 96 Immunofluorescent localization of Na+:Cl- co-transporter (Ncc) and 
Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-Ncc and anti-Nkaα1a 
antibodies on the gills of A. testudineus kept in (A) fresh water (FW; 
control) or (B) after 6 days (d) of exposure to terrestrial conditions. 
Immunofluorescence of anti-Ncc (green) and anti-Nkaα1a (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference 
contrast (DIC) image for orientation in (iv). Arrows in (A) (iv) indicate 
the apical staining of Ncc. Magnification: 400×. ……………………….. 
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Fig. 97 Immunofluorescent localization of Na+:K+:2Cl- cotransporter 1a 
(Nkcc1a) and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas 
testudineus. Double immunofluorescence was performed using anti-
Nkcc1a and anti-Nkaα1a antibodies on the gills of A. testudineus kept in 
(A) fresh water (FW; control) or (B) after 6 days (d) of exposure to 
terrestrial conditions. Immunofluorescence of anti-Nkcc1a (green) and 
anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Co-
localization of staining from the green and red channels resulted in a 
yellow-orange colouration. Arrows in (A) (iv) indicate the cells that 
were labelled with only Nkaα1a. Magnification: 400×. ………………… 
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Fig. 98 Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and cystic fibrosis transmembrane conductance regulator (Cftr) in the 
gills of Anabas testudineus. Double immunofluorescence was performed 
on the gills of A. testudineus after 6 days (d) of exposure to terrestrial 
conditions, using anti-NKAαRb1 with anti-Cftr (clone #T24-1) 
antibodies. Immunofluorescence of anti-NKAαRb1 (green) and anti-Cftr 
(red) antibodies are shown in (i) and (ii), respectively. Both channels 
(green and red) are merged in (iii) and overlaid with differential 








Fig. 99 Immunofluorescent localization of rhesus blood group-associated 
glycoprotein (Rhag) and Na+/K+-ATPase α1a (Nkaα1a) in the gills of 
Anabas testudineus. Double immunofluorescence was performed using 
anti-Rhag and anti-Nkaα1a antibodies on the gills of A. testudineus kept 
in (A) fresh water (FW; control) or (B) after 6 days (d) of exposure to 
terrestrial conditions. Immunofluorescence of anti-Rhag (green) and 
anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). 




Fig. 100 Immunofluorescent localization of rhesus family B glycoprotein (Rhbg) 
and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. 
Double immunofluorescence was performed using anti-Rhbg and anti-
Nkaα1a antibodies on the gills of A. testudineus kept in (A) fresh water 
(FW; control) or (B) after 6 days (d) of exposure to terrestrial 
conditions. Immunofluorescence of anti-Rhbg (green) and anti-Nkaα1a 
(red) antibodies are shown in (i) and (ii), respectively. Both channels 
(green and red) are merged in (iii) and overlaid with differential 




Fig. 101 Immunofluorescent localization of rhesus family C glycoprotein 1 
(Rhcg1) and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas 
testudineus. Double immunofluorescence was performed using anti-
Rhcg1 and anti-Nkaα1a antibodies on the gills of A. testudineus kept in 
(A) fresh water (FW; control) or (B) after 6 days (d) of exposure to 
terrestrial conditions. Immunofluorescence of anti-Rhcg1 (green) and 
anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). 
Magnification: 400×. ……………………………………………………. 
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Fig. 102 Immunofluorescent localization of rhesus family C glycoprotein 2 
(Rhcg2) and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas 
testudineus. Double immunofluorescence was performed using anti-
Rhcg2 and anti-Nkaα1a antibodies on the gills of A. testudineus kept in 
(A) fresh water (FW; control) or (B) after 6 days (d) of exposure to 
terrestrial conditions. Immunofluorescence of anti-Rhcg2 (green) and 
anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Co-
localization of staining from the green and red channels resulted in a 
yellow-orange colouration. Arrows in (B) (iv) indicate cells that are 





Fig. 103 Immunofluorescent localization of sodium/hydrogen exchanger 3 
(Nhe3) and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas 
testudineus. Double immunofluorescence was performed using anti-
Nhe3 and anti-Nkaα1a antibodies on the gills of A. testudineus kept in 
(A) fresh water (FW; control) or (B) after 6 days (d) of exposure to 
terrestrial conditions. Immunofluorescence of anti-Nhe3 (green) and 
anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Co-
localization of staining from the green and red channels resulted in a 
red-orange colouration. Magnification: 400×.…………………………… 
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Fig. 104 Immunofluorescent localization of aquaporin 1aa (Aqp1aa) and Na+/K+-
ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-Aqp1aa and anti-Nkaα1a 
antibodies on the gills of A. testudineus kept in (A) fresh water (FW; 
control) or (B) after 6 days (d) of exposure to terrestrial conditions. 
Immunofluorescence of anti-Aqp1aa (green) and anti-Nkaα1a (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference 
contrast (DIC) image for orientation in (iv). Co-localization of staining 
from the green and red channels resulted in a red-orange colouration. 
Arrows in (A) (iv) and (B) (iv) indicate the apical staining of Aqp1aa. 
Magnification: 400×. ……………………………………………………. 
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Fig. 105 Immunofluorescent localization of aquaporin 1ab (Aqp1ab) and Na+/K+-
ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-Aqp1ab and anti-Nkaα1a 
antibodies on the gills of A. testudineus kept in (A) fresh water (FW; 
control) or (B) after 6 days (d) of exposure to terrestrial conditions. 
Immunofluorescence of anti-Aqp1ab (green) and anti-Nkaα1a (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference 
contrast (DIC) image for orientation in (iv). Co-localization of staining 
from the green and red channels resulted in a red-orange colouration. 
Magnification: 400×. ……………………………………………………. 
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Fig. 106 Immunofluorescent localization of aquaporin 7 (Aqp7) and Na+/K+-
ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-Aqp7 and anti-Nkaα1a 
antibodies on the gills of A. testudineus kept in (A) fresh water (FW; 
control) or (B) after 6 days (d) of exposure to terrestrial conditions. 
Immunofluorescence of anti-Aqp7 (green) and anti-Nkaα1a (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference 
contrast (DIC) image for orientation in (iv). Co-localization of staining 
from the green and red channels resulted in a red-orange colouration. 
Arrows in (B) (iv) indicate cells that are labelled with only Nkaα1a. 





Fig. 107 Proposed model of a terrestrial-type ionocyte in the gills of Anabas 
testudineus involved in active NH4
+ excretion. Nkaα1a, Na+/K+-ATPase 




Fig. 108 Proposed model of a terrestrial-type ionocyte in the gills of Anabas 
testudineus involved in active ammonia excretion. Ammonia could be 
transported across the ionocyte as NH4
+ (A and B) and/or NH3 (C). NH4
+ 
could enter the basolateral membrane through (A) Nkcc1a and/or (B) 
Rhcg2. Model depicted in Fig. 108 (A) is an extension of Fig. 107. 
Nkaα1a, Na+/K+-ATPase α1a; Nkcc1a, Na+:K+:2Cl- cotransporter 1a; 
Rhag, rhesus blood group-associated glycoprotein; Rhcg2, rhesus family 
C glycoprotein 2. Transporter in grey had no protein localization data. 
(Based on results from Figs. 97, 98 and 101)…………………………. 
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Fig. 109 Proposed model of a terrestrial-type ionocyte in the gills of Anabas 
testudineus involved in acid-base regulation. Nkaα1a, Na+/K+-ATPase 
α1a; Nkaα1a, Na+/K+-ATPase α1a; Nhe3, sodium/hydrogen exchanger 
3.  (Based on results from Fig. 102)……………………………………... 
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Fig. 110 Proposed model of a terrestrial-type ionocyte in the gills of Anabas 
testudineus involved in CO2 transport. Aqp1aa, aquaporin 1aa; Nkaα1a, 
Na+/K+-ATPase α1a; Aqp1ab, aquaporin 1ab. (Based on results from 







Note on abbreviations 
Two different types of abbreviations were adopted in this study for gene and 
protein symbols. This is because the standard abbreviations of genes/proteins of 
fishes (http://zfin.org/cgi-bin/webdriver?MIval=aa-ZDB_home.apg) are different 
from those of frogs and human/non-human primates (http://www.genenames.org).  
Specifically, for fishes, gene symbols are italicized, all in lower case, and protein 
designations are the same as the gene symbol, but not italicized with the first letter 
in upper case. The advantage and appropriateness of using two types of 
abbreviations is that it would allow immediate interpretation of the affiliation 
between the abbreviation with fish or human/non-human primates. All 





1.1. Anabas testudineus and its unique characteristics 
The climbing perch, A. testudineus, is a freshwater teleost with the unique ability 
to withstand extremely unfavourable water conditions or survive for long periods 
on land (Pethiyagoda, 1991). Examples of unfavourable conditions include high 
salinity and high concentrations of environmental ammonia (Tay et al., 2006; 
Chang et al., 2007). Present at the upper part of its gills are a pair of accessory 
breathing organs (ABO) specialized for extracting aerial O2, which confers upon 
A. testudineus the ability to survive under terrestrial conditions (Das, 1927; 
Dubale, 1951; Saxena, 1958; Munshi, 1968). Periodically, A. testudineus will gulp 
air from the surface of water and the inhaled air will be channeled to the ABO for 
gaseous exchange (Hughes and Munshi, 1973; Munshi et al., 1986; Graham, 
1997). Energy produced from the catabolism of amino acids is used to sustain 
locomotor activities of the terrestrial-exposed A. testudineus which results in an 
increase in the concentration of endogenous ammonia (Tay et al., 2006). However, 
the branchial excretion of endogenous ammonia will be impeded due to the lack 
of water to flush the gills of the terrestrial-exposed A. testudineus.  
In addition, A. testudineus exhibits high environmental ammonia tolerance 
with the exceptional ability to survive for many days (up to 6 days based on 
laboratory acclimation experiments) in 100 mmol l-1 of NH4Cl. Most teleosts are 
unable to tolerate even 1-5 mmol l-1 of NH4Cl for more than a few hours (see Ip 
and Chew, 2010; Chew and Ip, 2014 for reviews). As a result of prolonged 
exposure to high concentrations of environmental ammonia, both endogenous and 
exogenous sources of ammonia will be accumulated within the fish. Ammonia is 
toxic and has to be excreted optimally and efficiently to prevent ammonia 
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intoxication which will have deleterious effects on many cellular processes within 
the fish (see Ip and Chew, 2010; Chew and Ip, 2014 for reviews). Thus, the high 
tolerance for terrestrial exposure and sublethal ammonia concentrations could be 
attributed to the remarkable ability of A. testudineus to actively excrete ammonia 
against steep inwardly-directed ammonia gradients, which helps to maintain 
intracellular concentrations of ammonia at a low level (Tay et al., 2006). Thus far, 
this extraordinary feat is only shared by two other freshwater teleosts, the giant 
mudskipper (Randall et al., 1999; Ip et al., 2004a; Chew et al., 2007) and the 
African sharptooth catfish (Ip et al., 2004b). 
Other than its unique ability to survive under ammonia-loading conditions, 
A. testudineus is a euryhaline teleost that is able to hypoosmoregulate in seawater 
and survive a progressive increase in salinity from freshwater to seawater through 
an increase in branchial Na+/K+-ATPase (Nka) activity (Chang et al., 2007). 
Indeed, recent studies from the author’s laboratory have identified three Nka α-
subunit isoforms (Nkaα1a, Nkaα1b and Nkaα1c) from the gills of A. testudineus 
(Ip et al., 2012a). Based on mRNA and protein expression and localization results, 
Nkaα1a is proposed as the freshwater isoform important for ion absorption while 
both Nkaα1b and Nkaα1c are seawater isoforms essential for ion secretion (Ip et 
al., 2012a; Ching et al., 2013). In addition, Nkaα1c has been proposed to be 
involved in active ammonia excretion in the gills of A. testudineus during 
environmental ammonia exposure (Ip et al., 2012a).  
Significant increases in the mRNA expression levels of Na+:K+:2Cl- 
cotransporter1a (nkcc1a), cystic fibrosis transmembrane conductance regulator 
(cftr) and the protein abundance of Nkcc1 are also detected in the gills of A. 
testudineus upon exposure to seawater or 100 mmol l-1 NH4Cl (Loong et al., 2011; 
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Ip et al., 2012b; Ching et al., 2013). These results strongly imply that the active 
excretion of Na+, Cl- and NH4
+ probably involve similar mechanisms driven by 
similar ion transporters (basolateral Nkaα and Nkcc1 together with apical Cftr). 
More importantly, immunofluorescence microscopy studies done, using custom-
made monoclonal antibodies, on the gills of A. testudineus indicate the presence 
of two distinct types of ionocytes:  the freshwater-specific (Nkaα1a-labelled) and 
seawater-specific (Nkaα1b-labelled) ionocytes (Ching et al., 2013). Extensive 
TUNEL-positive apoptosis coupled with a reduction in Nkaα1a  expression are 
reported in the gills of A. testudineus exposed to salinity 25 water, providing 
indirect evidence that branchial osmoregulatory acclimation comprises an increase 
in the degeneration and subsequent removal of some, if not all, of the freshwater-
type ionocytes. On the contrary, seawater exposure led to drastic increases in the 
number of larger ionocytes expressing Nkaα1b, Nkcc1 and Cftr after TUNEL-
positive apoptosis has occurred in the gills of A. testudineus. These results 
collectively suggest that freshwater-type ionocytes could be removed and 
substituted with seawater-type ionocytes, thereby providing A. testudineus with 
the remarkable ability to progressively acclimate to seawater and to survive for 
prolonged periods in seawater. 
Besides ion transporters, water channels also play a critical role in the 
maintenance of water balance and regulation of gaseous transport (see Madsen et 
al., 2015 for a review). Within the gills of A. testudineus, the mRNA expression of 
aquaporin 1aa (aqp1aa) increased significantly following terrestrial exposure but 
decreased significantly after environmental ammonia exposure, indicating that 
Aqp1aa could function as a NH3 channel (Ip et al., 2013). Its lack of significant 
changes in the mRNA expression of aqp1aa during seawater exposure implies 
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that Aqp1aa does not play a significant osmoregulatory role in the gills of A. 
testudineus. 
Since A. testudineus is a freshwater teleost with the extraordinary ability to 
thrive under different environmental stressors (seawater exposure, high 
environmental ammonia exposure and terrestrial exposure), it would be an 
interesting species to work with and will make a good study model to investigate 
the mechanisms behind osmoregulation and ionoregulation in an air-breathing fish. 
Furthermore, A. testudineus is readily available from local fish farms and can be 
easily maintained in aquariums. 
1.2. Gills of A. testudineus 
Fish gills are multifunctional organs and the central site for numerous 
physiological processes (see Evans et al., 2005 for a review). They are in direct 
contact with the external environment with the added advantages of a short 
diffusion distance between the plasma and the external media. Besides respiration, 
fish gills play dominant roles in ion transport, osmoregulation, acid-base balance 
and excretion of nitrogenous wastes. Therefore, this study focused on the gills of 
A. testudineus as they play a major role in many transport processes that help to 
counter the negative effects of seawater acclimation, environmental ammonia 
exposure and emersion. The inherent capacity of A. testudineus to survive in both 
hypoosmotic and hyperosmotic environments suggests that its gills are able to 
switch from salt absorption and impedance of water gain in fresh water to salt 
secretion and prevention of water loss in seawater. As follows, the branchial iono- 
and osmo-regulatory processes of the euryhaline A. testudineus must demonstrate 
greater versatility than those of stenohaline teleosts. However, only few 
euryhaline teleosts can tolerate high concentrations of environmental ammonia 
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and terrestrial exposure. Therefore, the gills of A. testudineus must possess 
uncommon channels/transporters, or atypical isoforms of these 
channels/transporters, or unconventional organization of these isoforms of 
channels/transporters into different types of branchial ionocytes which function 
specifically in response to fresh water, seawater, ammonia in fresh water or 
terrestrial conditions.  
1.3. Approaches and experimental design  
1.3.1. Transcriptomic analysis  
Next-generation sequencing (NGS) was adopted in this study to analyse the gill 
transcriptome of A. testudineus as it is a high throughput sequencing technology 
capable of producing huge volumes of information, thereby providing a 
comprehensive analysis of genomes without the prior need for knowledge of any 
sequences or annotations. It is possible to discover gene clusters containing novel 
genes and novel gene isoforms via de novo assembly of contigs, even in the 
absence of a reference genome. Equipped with high sensitivity to detect 
transcripts of low abundance/low gene reads within a complex genome, NGS 
allows for an efficient and rapid analysis of the entire gill transcriptome of A. 
testudineus. Furthermore, NGS can provide a comparison of mRNA expressions 
between different experimental conditions, so as to reveal the up- and down-
regulation of gene clusters in the gills of A. testudineus under different 
experimental conditions (exposure to seawater or 100 mmol l-1 NH4Cl for 6 days 
or 2 days of terrestrial exposure) as compared with the freshwater control. Besides 
providing valuable information on the putative sequences and rough estimates of 
fold changes of many genes, the applications of sophisticated functional gene 
annotations facilitates the exploration of novel biological functions for certain 
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genes or gene clusters. It was hoped that results obtained from transcriptomic 
analyses would help to identify gene clusters with crucial functions that confer 
upon A. testudineus the ability to survive in high salinity, high concentrations of 
environmental ammonia or during emersion.  
Differential transcriptomic analyses were performed on the gills of A. 
testudineus after 6 days of exposure to seawater or 100 mmol l-1 NH4Cl or 2 days 
of terrestrial exposure as compared with the freshwater control. Only one time 
point was selected for each experimental condition as NGS analysis is highly 
complex and laborious. For seawater and ammonia exposure, a period of 6 days 
was chosen in order to obtain results that reflected on the steady-state changes in 
gene expression required for the fish to survive in these two conditions. After 6 
days of exposure to seawater or ammonia, no mortality was observed. As for 
terrestrial conditions, a 2-day period was selected because a longer period would 
result in mortality of some experimental fish. 
1.3.2. Molecular approaches 
As an extension of the NGS approach, efforts were made to obtain full gene 
sequences (see section 1.4 for the genes studied in this project), including those of 
certain gene isoforms, and to verify the up- or down-regulation, of certain genes 
by quantitative real-time PCR (qPCR). For qPCR studies, a time-course 
experiment was executed to determine how the fish would respond 
physiologically during short-term or prolonged periods of exposure to different 
environmental stressors.  
To elucidate the effects of high salinity on the molecular biology of the ion 
transporters/water channels, fish, which had been kept in fresh water (control), 
were exposed to brackish water (salinity 15) for 1 day or to seawater (salinity 30) 
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for 1 day, 3 days or 6 days. Similarly, experimental fish were exposed to 100 
mmol l-1 NH4Cl in fresh water or to terrestrial conditions for 1 day, 3 days or 6 
days to investigate the effects of high concentrations of environmental ammonia 
or terrestrial exposure. The mRNA expressions of the selected genes (see section 
1.4) from the gills of A. testudineus were examined, using qPCR, at all the above 
mentioned time points. Results obtained through qPCR would not only serve to 
verify the fold change results provided by NGS, but also furnish additional 
information missing from the NGS results on the time course of changes in the 
branchial mRNA expressions of selected genes in A. testudineus.  
1.3.3. Immunofluorescence microscopy 
To date, the understanding of the mechanisms of osmoregulation and 
ionoregulation in the gills of A. testudineus are mainly based on molecular and 
biochemical evidences (Tay et al., 2006; Chang et al., 2007; Loong et al., 2011; Ip 
et al., 2012a; Ip et al., 2012b). Other than the characterization of the freshwater-
type and seawater-type ionocytes in the gills of A. testudineus (Ip et al., 2013), 
there is still a dearth of knowledge on the presence of other types of ionocytes and 
their specific functions under different environmental conditions. Therefore, 
isoform-specific custom-made antibodies were designed and immunofluorescence 
microscopy performed to identify other types of ionocytes present and investigate 
the precise cellular location of different types of ion transporters/water channels 
within these ionocytes. This is especially important for the gills of the ammonia-
exposed and terrestrial-exposed A. testudineus as information in these aspects are 
still limited.  
In this study, immunofluorescence microscopy was chosen as the 
appropriate tool to elucidate the functions of various transport proteins in the gills 
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of A. testudineus, because it provides valuable information on both the protein 
abundance and the cellular localization of the protein simultaneously. In 
comparison, Western blotting only quantifies protein expression levels, but offers 
no information on the site of expression for the quantified protein. Nonetheless, 
before proceeding to immunofluorescence microscopy, Western blotting was 
performed to verify the specificity of the custom-made antibodies through the 
detection of the specific protein at the correct molecular mass (see section 3.13.).  
Immunofluorescence microscopy was performed on the gills of A. 
testudineus in fresh water or exposed to seawater, 100 mmol l-1 NH4Cl or 
terrestrial conditions for 6 days. Day 6 was chosen as the appropriate time point 
for the different experimental conditions as the effects of the treatment conditions 
on protein abundance would be the most representative at the final time point. 
Furthermore, the main purpose of immunofluorescence microscopy in this project 
was to examine the cellular localization of the ion transporters/water channels 
which is unlikely to be time-dependent. 
1.4. Objectives and hypotheses  
1.4.1. Acclimation of A. testudineus from fresh water to seawater 
The first series of objectives involved identifying gene clusters with functions 
associated with the active transport of Na+ and Cl-, prevention of water loss, 
regulation of acid-base balance and the transport of ammonia in the gills of the 
seawater-exposed A. testudineus, with emphasis placed on the following genes: 
Na+:Cl- co-transporter (ncc), nkcc1b, different isoforms of rhesus (rh) 
glycoproteins, Na+/H+ exchangers (nhe) and aqp. The hypothesis tested was that 
majority of these genes, which function mainly in the transport of Na+, Cl-, 
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ammonia or water, would be differentially regulated and display branchial mRNA 
expression patterns representing specific responses to seawater exposure.  
Thus far, two specific types of ionocytes have been identified in the gills 
of A. testudineus: the freshwater-type (Nkaα1a-labelled) and the seawater-type 
(Nkaα1b-labelled) ionocytes (Ching et al., 2013). Since Nkaα1c has also been 
proposed as a seawater-specific isoform based on mRNA expression results (Ip et 
al., 2012a), attempts were made in this study to examine the abundance and 
location of the Nkaα1c-labelled ionocytes. Immunofluorescence microscopy was 
performed to evaluate the hypothesis that Nkaα1c is expressed in a different cell 
type from Nkaα1b and both seawater-type ionocytes were expected to perform 
different roles (Na+ and Cl- excretion, water transport, acid-base regulation or 
ammonia excretion) in the gills of the seawater-exposed A. testudineus.  
1.4.2. Acclimation of A. testudineus from fresh water to 100 mmol l-1 NH4Cl 
in freshwater 
Anabas testudineus is capable of actively excreting NH4
+ against inwardly-
directed NH3 and NH4
+ gradients (Tay et al., 2006) and the process could be 
driven by the electrical potential generated by the transport of HCO3
- or Cl- 
through Cftr (Ip et al., 2012b). Therefore, the second series of experiment aimed 
to investigate the differential expression of gene clusters with functions mainly 
related to active NH4
+ excretion and acid-base balance. mRNA expression of the 
above-mentioned ion transporters and water channels (see section 1.4.1) were also 
examined at different time points of 100 mmol l-1 NH4Cl. The hypothesis tested 
was that these genes would be differentially regulated upon environmental 





There is currently a dearth of knowledge concerning the specific type of 
ionocyte and the apical ammonia transporter responsible for active NH4
+ excretion 
when A. testudineus is exposed to high concentrations of environmental ammonia. 
Since Nkaα1c has been proposed to be involved in active NH4+ excretion (Ip et al., 
2012a) and Rh glycoproteins are vital ammonia conduits in fish gills (Wright and 
Wood, 2009; Wright and Wood, 2012), it was hypothesized that at least one of the 
Rh glycoprotein isoforms would be expressed on the apical membranes of the 
Nkaα1c-labelled ionocytes to mediate active NH4+ excretion in the gills of the 
ammonia-exposed A. testudineus.  
1.4.3. Acclimation of A. testudineus from fresh water to terrestrial conditions 
This study also aimed to identify gene clusters that were differentially expressed 
in the gills of A. testudineus exposed to terrestrial conditions, as compared with 
the freshwater control. Since A. testudineus is able to survive on land and avert 
ammonia intoxication and desiccation, it was hypothesized that gene clusters with 
functions in the transport of ions, gases, such as ammonia, or water would be 
differentially regulated in the gills during terrestrial exposure. As the effects of 
seawater or 100 mmol l-1 NH4Cl on the mRNA expression of nkaα1a, nkaα1b, 
nkaα1c, nkcc1a and cftr have been examined in the gills of A. testudineus, the 
next objective would be to extend the absolute quantification of the mRNA 
expression of these genes, together with those mentioned in section 1.4.1, to the 
gills of the terrestrial-exposed fish. The hypothesis tested was that these genes 
would be differentially regulated in the gills of A. testudineus during emersion and 
the mRNA expression profile would be different from those of the seawater-
exposed or ammonia-exposed A. testudineus. 
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Finally, attempts were made to compare and contrast active ammonia 
excretion in the gills of A. testudineus during environmental ammonia exposure 
with terrestrial exposure. In this hypothesis, it was proposed that active ammonia 
excretion during emersion probably involved different mechanisms as those for 
high environmental ammonia exposure and hence, would display a different 
expression pattern for the transport proteins. Thus, immunofluorescence 
microscopy was performed to identify and characterize the unique cellular 
localization of key ion transporters in the terrestrial-type ionocytes, with the aim 





2. Literature review  
2.1. The climbing perch, Anabas testudineus 
Anabas testudineus (Bloch 1792), commonly known as the climbing perch, is a 
euryhaline freshwater teleost which belongs to the family Anabantidae and order 
Perciformes. Three genera are present within the family Anabantidae, namely 
Ctenopoma (25 species), Sandelia (2 species) and Anabas (1 species) (Graham, 
1997). It is mainly carnivorous and inhabits various habitats ranging from ponds 
and lakes to estuaries and swamps in tropical Asia (Pethiyagoda, 1991; Graham, 
1997). Its wide distribution can be attributed to its hardiness and it being a 
valuable source of food for humans. It can grow to a maximum length of around 
25 cm at maturity and is one of the most primitive anabantoids (Graham, 1997). 
Interestingly, A. testudineus can survive for long periods on land provided it 
remains moist. During droughts, A. testudineus will stay in pools of water within 
submerged shrubs and woods (Sokheng et al., 1999). It can also burrow into mud 
and aestivate throughout the entire dry season (Das, 1927). A. testudineus will 
move across land, usually in the night or after a rainfall, in search of water (Das, 
1927; Liem, 1987), covering distances of up to 180 m when the air is sufficiently 
humid (Pinter, 1986). Its terrestrial locomotion is facilitated by its spiky 
operculum and violent twitching of the hind part of its body to propel the fish 
forward (Davenport and Matin, 1990). 
2.2. Structure and functions of ABO in A. testudineus  
The ABO functions mainly in the acquirement, absorption and holding of aerial 
O2 (Graham, 1997). A. testudineus possesses the largest pair of suprabranchial 
ABO with the greatest area relative to its body mass. The ABO are adjacent to the 
skull and situated above and behind the gills (Munshi, 1968; Hughes and Munshi, 
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1973; Peters, 1978). The suprabranchial chambers (SBC) spread from the back of 
the orbit to the pectoral girdle, linking to both the head kidney and the coelom. 
Each SBC comprises of three sections through which air passes through: the 
anterior atrium, the caudo-dorso and the ventro-caudal sections. Each of these 
compartments can be sealed and segregated from other processes occurring in the 
gills, mouth and pharynx (e.g. feeding and aquatic respiration) (Peters, 1978). The 
spacious SBC are able to hold the total volume of inhaled air, leaving aerial 
respiration unaffected by processes such as aquatic ventilation and feeding (Liem, 
1987). Each chamber consists of an intricate bony labyrinth structure with an 
extensive surface area. Both the surface and inner walls of the ABO are lined with 
a respiratory epithelium which consists of parallel rows of islet capillaries 
surrounded by endothelial cells (Hughes and Munshi, 1973). The nuclei within the 
endothelial cells serve to generate microturbulence, regulate and increase gas 
transfer (Hughes and Munshi, 1973; Munshi, 1976). The nonvascular areas of the 
respiratory membranes are usually thicker and comprise of single chemoreceptor 
cells (Hughes and Munshi, 1973). The air-blood diffusion distance between the 
labyrinth and SBC walls ranges from 0.1 µm to 0.3 µm (Hughes and Munshi, 
1973) and the air surrounding the ABO are usually emptied after each exhalation 
(Peters, 1978; Burggren, 1979; Schuster, 1989). 
Anabantoids use either biphasic or monophasic patterns for respiration 
(Peters, 1978). In the biphasic ventilation pattern, the ABO is initially flushed by 
an opposite stream of water and replenished with newly inhaled air. For 
monophasic pattern, old air is removed through the ABO and out the operculum 
by the incoming flow of inhaled air. Radiography work performed on the SBC of 
anabantoids shows that their air-ventilatory mechanics involve interchanging 
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pumping and sucking actions of the opercular and buccal chambers (Peters, 1978). 
It has been proposed that in biphasic ventilation, inhalation occurs after exhalation 
and new air is pushed into the SBC by opercular chamber expansion coupled with 
buccal compression (Peters, 1978). The pressure gradients created for this 
bidirectional flow and the structure of the ABO help ensure that the opposing 
water stream is directed through each SBC partition and all the gas is displaced. 
However in monophasic ventilation, inhalation occurs before exhalation and the 
phase of flow reversal is absent. The ontogenic development of ventilation pattern 
in A. testudineus changes gradually from biphasic during the early phase to 
monophasic when the fish reaches 80 mm in length (Peters, 1978). Both biphasic 
and monophasic ventilation patterns have been subsequently renamed by Liem 
(1987) to quadruphasic and triphasic ventilation patterns, respectively when 
electromyographic and cineradiographic results are taken into account.  
Anabas testudineus is an obligate air breather and is unable to survive 
without aerial respiration in normoxic waters (Graham, 1997). It starts gulping air 
20 days after hatching before its ABO are even fully developed (Singh and Mishra, 
1980). A. testudineus is a triphasic breather and is therefore, able to tolerate aerial 
exposure better than the other anabantoids which are quadruphasic breathers 
(Liem, 1987). The triphasic pattern of respiration serves as an efficient mode of 
gaseous exchange for the fish during adaptation to terrestrial conditions as water 
is not needed to irrigate the ABO (Peters, 1978; Liem, 1987). 
2.3. Structure and functions of gills in A. testudineus 
Even with the presence of ABO, there are no air-breathing fishes that are able to 
entirely abandon the reliance on gills as fish gills perform indispensable functions 
in gaseous exchange, osmoregulation, ionoregulation, acid-base regulation and the 
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excretion of nitrogenous wastes, such as ammonia (Graham, 1997). Like most 
fishes, the branchial epithelium of A. testudineus consists of four gill arches, with 
each gill arch comprising of a primary lamella and a secondary lamella. However, 
the third and fourth gill arches are more poorly developed with thicker secondary 
lamellae (Dube and Munshi, 1974). The entire branchial epithelium is covered 
externally by a spiky operculum and is composed of different cell types, namely 
the pavement cells, ionocytes and accessory cells (Evans et al., 1999; Evans et al., 
2005). The pavement cells and ionocytes occupy > 90% and < 10% of the entire 
epithelial surface area, respectively (Evans et al., 2005). Pavement cells play a 
passive role in the physiological functions of gills but are presumed to be crucial 
for gaseous exchange. Pavement cells have also been correlated to active ion 
uptake or acid-base balance in the gills of some freshwater fish. For example, 
vacuolar-type H+-ATPase (V-ATPase)-rich vesicles are present on the apical 
membranes of the pavement cells in the brown bullhead catfish (Laurent et al., 
1994). Similar observations have also been made in the gills of the tilapia and the 
rainbow trout (Kültz and Somero, 1995; Sullivan et al., 1995; Wilson et al., 2000). 
By contrast, the ionocytes, though present in fewer numbers, facilitate 
active ion transport and are the main sites of several physiological processes, with 
their apical and basolateral membranes displaying different transporter protein 
expression profiles (Evans et al., 2005). Branchial ionocytes of most freshwater 
teleosts lack apical crypts, and they form extensive tight junctions with adjacent 
cells to prevent the loss of ions to the external medium (Evans et al., 1999). In the 
gills of the seawater teleosts, accessory cells develop next to ionocytes forming a 




2.3.1. Role of gills in gaseous exchange 
Anabantoids have a systemic and branchial circulatory system that is almost 
equivalent to a double circulatory system (Munshi et al., 1986; Olsen et al., 1986; 
Olsen, 2002). Deoxygenated blood passes from the heart to the first and second 
gills and subsequently flows to the ABO for further aerial oxygen uptake before 
returning to the heart. The first two gills of anabantoids are also the sites of 
gaseous exchange, especially for the elimination of CO2. Oxygenated blood is 
transported from the heart, by the third and fourth gills, to the systemic circulatory 
system (Munshi et al., 1986; Olsen et al., 1986; Munshi et al., 2001). 
The specific roles of the gills and ABO in A. testudineus for respiration 
have been studied extensively by Hughes and Singh (1970). Measuring the rates 
of O2 uptake and CO2 release using a respirometer, they reported the following 
important findings when A. testudineus respired in aerated water with free access 
to air: (1) the mean O2 consumption when there was free access to air was 
approximately 113 ml per h per kg at 25ºC, (2) nearly equal amounts of O2 were 
obtained through both the gills and the ABO, (3) the volume of CO2 released 
through the gills was 10-fold higher than through the ABO, thereby concluding 
that the ABO is more crucial for O2 uptake and (4) the respiratory quotient of the 
fish in aerated water was approximately 1. 
2.3.2. Role of gills in osmoregulation and ionoregulation in teleosts during 
seawater adaptation 
2.3.2.1. Involvement of Nka, Nkcc1 and Cftr in Na+ and Cl- excretion 
Euryhaline freshwater teleosts will undoubtedly face a net loss of water during 
salinity stress resulting from the direct contact of the permeable cutaneous and 
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branchial surfaces with the external environment (Yancey, 2001). Several 
immunocytochemical and biochemical studies have shown that fish gills express 
large quantities of Nka (Dang et al., 2000; Lee et al., 2000; Sakamoto et al., 2001; 
Brauer et al., 2005). Nka is a P-type ATPase is a heterodimeric protein consisting 
of a catalytic α-subunit and a heavily glycosylated β-subunit present in a 1:1 ratio 
(Kaplan, 2002; Horisberger, 2004). Using the energy produced by the hydrolysis 
of ATP, NKA drives the active transport of 3 Na+ out of and 2 K+ across the 
plasma membranes of animal cells. The electrochemical gradients generated are 
essential for the operation of many cellular functions: (1) function of Na+- or K+-
coupled systems for the secondary transport of H+, Ca2+, glucose or amino acids, 
(2) cell volume regulation, (3) maintenance of membrane electrical potential, (4) 
transepithelial transport of Na+ (Therien and Blostein, 2000).  
Four isoforms of α-subunit and three isoforms of β-subunit have been 
identified in mammals (Takeyasu et al., 1990; Pressley, 1992). However, teleosts 
may contain more isoforms, with at least nine nka α-subunit genes identified in 
the zebrafish (Liao et al., 2009) while different isoforms of Nka α-subunit have 
also been found in the gills of euryhaline teleosts such as the European eel (Cutler 
et al., 1995), salmon (D'Cotta et al., 2000; Seidelin et al., 2001), trout (Madsen et 
al., 1995; Richards et al., 2003), killifish (Semple et al., 2002), tilapia (Hwang et 
al., 1998; Feng et al., 2002) and the Antarctic nototheniid (Brauer et al., 2005; 
Guynn et al., 2002). Changes in the mRNA and protein expression profiles of 
nka/Nka α-subunit isoforms, Nka activity and the number of Nka-immunoreactive 
cells in the gills of euryhaline teleosts are essential for adaptation to salinity stress 
(see Hwang and Lee, 2007 for a review). Differential expression of nka/Nka α-
subunits have been reported in the gills of fish in a salinity-dependent manner. 
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Seawater acclimation involves the differential regulation of branchial nkaα1a and 
nkaα1b in the rainbow trout, Arctic char and the Atlantic salmon (Richards et al., 
2003; Bystriansky et al., 2006). In salmonids, the mRNA expression of nkaα1a 
and nkaα1b decreases and increases, respectively during seawater exposure 
(Nilsen et al., 2007; Madsen et al., 2009). Using antibodies specific against 
Nkaα1a and Nkaα1b, McCormick et al. (2009) reported salinity-dependent 
changes in their immunolocalization and protein abundance in the gills of the 
Atlantic salmon. The results collectively suggest that Nkaα1a is the freshwater 
isoform crucial for ion absorption while Nkaα1b is the seawater isoform essential 
for ion excretion. A similar observation was obtained for the mRNA expression of 
nkaα1a and nkaα1b in the gills of the rainbow trout, in which nkaα1a expression 
down-regulates in freshwater but that of nkaα1b increased in 80% seawater 
(Richards et al., 2003). 
NKCC belongs to the Slc12a family and two distinct isoforms, NKCC1 
and NKCC2, have been identified in mammals. Nkcc1 belongs to the Slc12a 
family and is a secretory isoform commonly found in fish gills. Two isoforms, 
Nkcc1a and Nkcc1b, were first cloned from the European eel (Cutler and Cramb, 
2002a) and subsequently identified in the Mozambique tilapia and medaka 
acclimated to brackish water (Hiroi et al., 2008; Kang et al., 2010). Elevated 
mRNA levels (Cutler and Cramb, 2002a; Tipsmark et al., 2002; Scott et al., 2004; 
Lorin-Nebel et al., 2006; Tse et al., 2006; Hiroi et al., 2008; Kang et al., 2010;) 
and increased protein levels (Sardella and Kültz, 2009; Flemmer et al., 2010; 
Kang et al., 2010) of Nkcc1a have been detected in the gills of euryhaline teleosts 
during seawater exposure.  
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Cftr, on the other hand, is a cAMP-activated Cl- channel primarily 
expressed within the gills of seawater-acclimated teleosts (Hwang and Lee, 2007; 
Bodinier et al., 2009). Cftr was first obtained from the gills of the seawater-
adapted killifish (Singer et al., 1998). Similar to Nkcc1a, increased mRNA levels 
(Scott et al., 2004; Tse et al., 2006; Nilsen et al., 2007; Bodinier et al., 2009) and 
higher protein levels (Tse et al., 2006; Tang and Lee, 2007a; Shaw et al., 2008) of 
Cftr have been detected in the gills of euryhaline teleosts during seawater 
exposure. Time-course experiments performed on the killifish indicated that 
apical Cftr expression was present 24 hours after seawater transfer but showed a 
significant decrease within 24 hours when the fish was returned to freshwater 
(Marshall et al., 2002; Katoh and Kaneko, 2003; Scott et al., 2005).  
More importantly, Nka, Nkcc1 and Cftr have been implicated in the 
classic model for branchial Na+ and Cl- excretion comprehensively discussed by 
Marshall (1995). Na+ is actively transported, together with K+ and Cl-, through 
Nkcc1 across the basolateral membranes of ionocytes using the Na+ gradients 
generated by Nka. K+ transported into the ionocyte is believed to be recycled via 
apical and basolateral K+ channels while Cl- leaves the cell through apical Cftr. 
The positive transepithelial electrical potential produced as a result drives Na+ 
through the paracellular route into the external environment. 
2.3.2.2. Anabas testudineus and seawater adaptation 
Chang et al. (2007) reported that A. testudineus was able to survive in seawater 
through a progressive increase in salinity. A. testudineus is able to maintain its 
plasma osmolality between 316-356 mosmol/kg, with plasma concentrations of 
Na+ and Cl- remained consistently lower than the ambient ionic concentrations, 
during short-term and prolonged periods of exposure to seawater (Chang et al., 
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2007). This clearly indicates that A. testudineus is able to regulate its cell volume 
through hypoosmotic hypoionic regulation in a high salinity environment. In 
addition, branchial Nka activity increased significantly in A. testudineus after 7 
days of seawater exposure. Activation of branchial Nka is necessary to provide 
and maintain the electrochemical gradients for the transport of Na+ and Cl- out of 
the ionocytes. 
Recently, the author’s laboratory has successfully cloned and sequenced 
three isoforms of nka α-subunits (nkaα1a, nkaα1b and nkaα1c), nkcc1a and cftr 
from the gills of A. testudineus (Loong et al., 2011; Ip et al., 2012a; Ip et al., 
2012b). Results obtained from mRNA and protein expressions studies on A. 
testudineus have revealed that Nkaα1a is the freshwater isoform while the 
cooperation of Nkaα1b, Nkaα1c, Nkcc1a and Cftr facilitates Na+ and Cl- extrusion 
in a hyperosmotic environment, which is in agreement with the classical model 
for branchial NaCl excretion described above. The roles of Nka, Nkcc1 and Cftr 
during seawater exposure will be discussed in detail, together with new findings 
obtained from this current study, in Chapter 1. 
2.3.3. Role of gills in osmoregulation and ionoregulation during freshwater 
exposure 
2.3.3.1. Na+ uptake 
Two working models have been proposed for apical Na+ uptake in the gills of 
freshwater teleosts: (1) an apical V-ATPase electrically coupled to Na+ uptake via 
the epithelial Na+ channel (ENaC) and (2) an electroneutral exchange of Na+ and 
H+ by apical Nhe (Hwang and Lee, 2007). The first model is more favoured and 
accepted as it is thermodynamically more feasible.  Most of the experimental 
results supporting the first model for Na+ uptake are based on pharmacological 
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assessment of specific inhibitors. Examples include the use of ENaC inhibitors on 
whole fish (Preest et al., 2005; Esaki et al., 2007) or isolated cells (Reid et al., 
2003; Parks et al., 2007). Phenamil-sensitive intracellular acidification and 22Na+ 
uptake are reported in peanut lectin agglutinin-negative (PNA-) ionocytes, 
providing evidence on the involvement of branchial ENaC in Na+ uptake (Reid et 
al., 2003; Parks et al., 2007). Bafilomycin, a specific inhibitor of V-ATPase, 
causes more than 60% reduction in Na+ uptake in the zebrafish, carp and tilapia 
(Fenwick et al., 1999; Boisen et al., 2003). Knockdown of V-ATPase expression 
using a specific morpholino diminishes Na+ uptake in zebrafish, indicating a 
possible role of V-ATPase-coupled Na+ uptake in H+-ATPase-rich ionocytes 
(Horng et al., 2007). 
In the second model of Na+ uptake, several isoforms of Nhe have been 
proposed to be targets for the passive and electroneutral exchange of apical Na+ 
and H+ (Hwang and Lee, 2007). Increased Nhe expression has been correlated 
with an up-regulation in Na+ uptake in several fish species present in low Na+ 
freshwater or other experimental conditions (Yan et al., 2007; Lin et al., 2008; 
Inokuchi et al., 2009; Wu et al., 2010). Localization studies demonstrated the 
presence of Nhe2 and Nhe3 in the gill ionocytes of rainbow trout, tilapia and blue-
throated wrasse (Edwards et al., 1999; Wilson et al., 2000). Esaki et al. (2007) 
demonstrated the importance of Nhe in Na+ uptake in teleosts. Inhibitors of Nhe, 
amiloride and 5-(N-ethyl-N-isopropyl) amiloride (EIPA), impaired Na+ build-up 
by over 90% in zebrafish embryonic skin ionocytes (Esaki et al., 2007). Using 
scanning ion-selective electrode technology, Na+ influx current is detected in 
Nhe3b-expressing ionocytes of medaka and zebrafish embryonic skin (Wu et al., 
2010; Lin et al., 2012; Shih et al., 2012).  
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2.3.3.2. Cl- uptake 
It has been established earlier that Cl- uptake across the gills of freshwater fish is 
facilitated by anion exchangers (Ae) (Evans et al., 2005; Tresguerres et al., 2006), 
and Ae1 is one of the candidate transporter suggested for apical Cl-/HCO3
- 
exchange (Evans et al., 2005; Hwang and Lee, 2007; Hwang and Perry, 2010). 
However, studies providing molecular evidence for the involvement of Ae1 in fish 
gills are limited and the findings are still controversial. Ae1 has been localized to 
the apical membranes in some freshwater teleosts such as the tilapia (Perry and 
Randall, 1981; Sullivan et al., 1996; Wilson et al., 2000; Chang and Hwang, 2004; 
Preest et al., 2005). However, it has been identified recently as a basolateral 
transporter in zebrafish H+-ATPase-rich ionocytes (Lee et al., 2011) and the 
pufferfish ionocytes (Tang and Lee, 2007b). 
Pendrin, which belongs to the Slc26 family (Slc26a4), has been proposed 
as the alternative transporter responsible for apical Cl-/HCO3
- exchange in the 
gills of freshwater fish. The transcripts encoding for pendrin and two of its 
paralogs (Slc26a3 and Slc26a6) are detected in the gills of zebrafish adults and 
embryos while less than 10% of Nka-immunoreactive ionocytes co-express 
Slc26a3 (Bayaa et al., 2009; Perry et al., 2009). Cl- uptake and the mRNA 
expression of slc26 members increased in the gills of zebrafish after exposure to 
high NaHCO3 or low Cl
- freshwater (Perry et al., 2009). Furthermore, a decrease 
in the expression of Slc26a3, Slc26a4 and Slc26a6 impaired Cl- uptake in 
morphants present in low Cl- freshwater (Bayaa et al., 2009). Recent studies have 
also successfully characterized Slc26a6a and Slc26a6b in mefugu (Kurita et al., 
2008) and Slc26a6 in the toadfish (Grosell et al., 2009). However, the driving 
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mechanism behind apical Cl-/HCO3
- exchange in the gills of freshwater teleosts is 
still disputable and awaits further confirmation. 
2.3.3.3. Ncc-facilitated Na+ and Cl- uptake 
In addition to the transporters discussed in sections 2.3.3.1 and 2.3.3.2, thiazide-
sensitive Ncc is another transporter that can mediate Na+ and Cl- uptake in fish 
gills. Ncc was first identified from the flounder (Renfro, 1975) and Ncc-
expressing ionocytes have been successively detected in the gills of several 
freshwater teleosts (Evans, 2010; Hwang et al. 2011; Dymowska et al. 2012; Hiroi 
and McCormick, 2012; Hwang and Lin, 2014). Apical Ncc2 is detected in the 
ionocytes of the freshwater tilapia and its mRNA and protein expression is 
stimulated by deionized or low Cl- freshwater (Hiroi et al., 2008; Inokuchi et al., 
2008; Inokuchi et al., 2009). Similarly, Ncc2b-expressing ionocytes are expressed 
in zebrafish exposed to low Cl- freshwater and morpholino knockdown of Ncc2b 
reduced both Cl- content and influx in zebrafish embryos (Wang et al., 2009). 
2.3.3.4. Basolateral Na+ and Cl- exit 
Na+ and Cl- that enter the ionocytes have to be transported across the basolateral 
membranes to replace the passive loss of ions in a hypoosmotic environment. 
Basolateral exit of Na+ is likely to be achieved by Nka which are present in large 
quantities in the ionocytes of freshwater fish gills (Evans et al., 2005). 
Additionally, gene expression results in response to hypercapnia or acid treatment 
suggest the possible involvement of basolateral Na+-HCO3
- cotransporter 1 (Nbc1) 
in Na+ uptake (see Evans et al., 2005; Hwang and Lee, 2007; Parks et al., 2008; 
Hwang and Perry, 2010). However, the role of Nbc1 in facilitating the basolateral 
exit of Na+ during acid secretion is still debatable as localization studies proved 
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otherwise. Double in situ hybridization of nbc1 in zebrafish indicated its 
expression in Ncc-labelled ionocytes (Lee et al., 2011) but not H+-ATPase-rich 
ionocytes (Hwang, 2009), which are the main sites of function for Na+ uptake 
coupled with acid secretion. Likewise, Nbc1 is detected only in Ncc-expressing 
cells and not Nhe3-expressing ones in the gills of the tilapia (Furukawa et al., 
2011). Therefore, it is highly likely that Nbc1 may play a more important role in 
Ncc-mediated Na+ uptake than V-ATPase-driven or Nhe-driven Na+ uptake. 
On the contrary, basolateral Cl- exit in fish gills is probably achieved by 
Clc Cl- channels. Mammals have nine isoforms of CLC Cl- channels (Uchida and 
Sasaki, 2005) and orthologs of Clc-3 and Clc-5 are expressed in several organs, 
including gills, of the tilapia (Miyazaki et al., 2002). Several species of teleosts 
expressed Clc-3 on the basolateral membranes of Nka-labelled or Ncc2b-labelled 
ionocytes and its protein expression is up-regulated after exposure to freshwater 
or low Cl- freshwater (despite conflicting mRNA expression results) (Tang and 
Lee, 2007a; Tang et al., 2010; Tang and Lee, 2011; Bossus et al., 2013). The 
basolateral Nka that is co-expressed may help to maintain a negative intracellular 
gradient to drive the transport of Cl- by Clc (Hwang et al., 2011). In another study, 
immunocytochemistry combined with in situ hybridization revealed that Clc-2c is 
co-expressed with Ncc2b and Clc-2c knockdown reduced Cl- content in zebrafish 
ionocytes (Guh et al., 2015).  
2.3.4. Role of branchial Aqp in regulating water permeability 
Fishes will inevitably encounter major osmotic challenges when present in either 
freshwater or seawater environments, resulting in passive water gain and loss, 
respectively (Madsen et al., 2015). Compensatory mechanisms would include 
passive transport of water molecules across the lipid bilayer by simple diffusion or 
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facilitated by integral channel proteins, Aqp. Aqp can be generally classified into 
three main groups based on their permeability properties and sequence homology 
(King et al., 2004; Xu et al., 2010). In mammals, the “classical or true aquaporins” 
which are usually only permeable to water include AQP0, AQP1, AQP2, AQP4 
and AQP5 while AQP3, AQP7, AQP9 and AQP10 belong to the group of 
“aquaglyceroporins”, which in addition to water, are able to facilitate the transport 
of urea and glycerol. The remaining AQP6, AQP8, AQP11 and AQP12 are 
termed “unorthodox aquaporins” due to their unique characteristics which include 
the ability to transport NH3 for AQP8 (Saparov et al., 2007), anion permeability 
for AQP6 (Yasui et al., 1999), or modified NPA motifs and intracellular locations 
of AQP11 and AQP12 (Itoh et al., 2005; Gorelick et al., 2006).  
Aqp are important water channels in the gills of many euryhaline teleosts 
as they have a major role in transepithelial water transport (Madsen et al., 2015). 
aqp3b from the gills of the European eel was the first aqp successfully cloned and 
sequenced from fish (Cutler and Cramb, 2000). A significant decrease in the 
mRNA expression of aqp3b was reported in the gills of the seawater-exposed 
European eel (Cutler and Cramb, 2000) which is a common trend observed for 
aqp3 in the gills of other fish species (see Madsen et al., 2015 for a review). Aqp3 
has been co-localized with Nka in the basolateral membranes of ionocytes in most 
fish species and occasionally present in pillar cells and accessory cells of fish gills 
(see Madsen et al., 2015 for a review). The down-regulation in mRNA expression 
of aqp3 could serve to reduce passive osmotic loss from the fish in a 
hyperosmotic environment, and a probable role of Aqp3 in NH3 or urea transport 
has also been suggested by Cutler and Cramb (2000).  
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On the contrary, the mRNA expression of branchial aqp1 is less consistent 
among different fish species. In the black porgy (An et al., 2008), marine medaka 
(Kim et al., 2014) and pufferfish (Jeong et al., 2014), branchial aqp1 expression is 
higher in the freshwater fish as compared to the seawater-exposed fish. However, 
no significant changes are detected for the mRNA expression of aqp1aa in the 
gills of the climbing perch and sea bass upon seawater exposure (Giffard-Mena et 
al., 2007; Ip et al., 2013). Thus far, Aqp1 has been detected on the surface of the 
gill lamellae in the seawater-acclimated gilthead seabream (Cerdà and Finn, 2010) 
or co-expressed with Nka in the basolateral membranes of ionocytes in the 
rainbow wrasse (Brunelli et al., 2010). 
Recently, at least 18 aqp have been identified in the zebrafish (Tingaud-
Sequeira et al., 2010) and recent studies have added more aqp paralogs from the 
genomes of the Atlantic salmon (Davidson et al., 2010) and rainbow trout 
(Berthelot et al., 2014). 
2.3.5. Role of gills in acid-base balance 
Acid-base balance in teleosts is intricately coupled to ionic regulation. Uptake of 
Na+ and Cl- in the gills of the freshwater teleosts is associated with the transport 
of H+ and HCO3
- which will inevitably have contributory effects on the plasma 
pH (see sections 2.3.3.1 and 2.3.3.2). H+ secretion in fish gills can be achieved by 
two different pathways driven by either H+-ATPase or Nhe (see section 2.3.3.1). 
Results obtained using non-invasive scanning ion-electrode technology coupled 
with gene knockdown and pharmacological methods convincingly indicate that 
both H+-ATPase-facilitated and Nhe3b-facilitated H+ secretion occur at the apex 
of H+-ATPase-rich ionocytes in the zebrafish (Shih et al., 2012). Subsequent 
studies on the contributions of H+-ATPase and Nhe to H+ secretion revealed that 
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H+-ATPase contributes between 67-75% of apical H+ activity in H+-ATPase-rich 
ionocytes, while Nhe3b constitutes only 27-29% in zebrafish larvae (Shih et al., 
2008; Shih et al., 2012). Within the gills of the rainbow trout, the PNA- cells 
display higher V-ATPase protein expression and acid-activated, bafilomycin-
sensitive 22Na+ uptake, as compared to the PNA+ cells (Galvez et al., 2002; Reid 
et al., 2003). On the contrary, hypercapnic acidosis results in an up-regulation of 
Nhe2 expression in PNA+-cells in the gills of the rainbow trout (Ivanis et al., 
2008). Nhe3 is localized to the apical membranes of the gill ionocytes in the 
Osorezan dace and is stimulated by acidic freshwater (Hirata et al., 2003). These 
suggest that the main type of H+-secretion mechanism adopted appears to be 
species-dependent. For instance, zebrafish depends largely on H+-ATPase for H+-
secretion which is in contrast to the medaka that relies on Nhe3 instead (Guh et al., 
2015).  
However, the mechanisms and chemical gradients driving apical Cl-
/HCO3
- exchange in freshwater fish gills appear to be unfavourable and remain 
controversial (Tresguerres et al., 2006). A higher number of Ae1-expressing cells 
is observed in the gills of the rainbow trout during chronic NaHCO3 infusions, 
thereby indicating a role of Ae1 in base excretion (Sullivan et al., 1996). A lower 
concentration of Cl- but a higher concentration of HCO3
- is obtained from the 
plasma of the rainbow trout exposed to 4-acetamino-4’-isothiocyantostilbene-2,2’-
disulphonic acid (SITS), a blocker of Ae1 (McGeer and Eddy, 1998). This could 
be attributed to the inhibition of branchial Cl- uptake by SITS in the rainbow trout, 
resulting in the accumulation of HCO3
- and metabolic alkalosis (Perry et al., 1997). 
Hence, branchial Cl-/HCO3
- exchange may be essential for replacing the loss of 
Cl- and removing excess HCO3
- during exposure to alkaline waters. Reduced Cl- 
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uptake is also observed in the rainbow trout and zebrafish treated with lipophilic 
carbonic anhydrase inhibitors that apparently reduces the substrate for the apical 
exchange of Cl- for cytosolic HCO3
- (Perry et al., 1984; Boisen et al., 2003). Even 
though Cl- uptake and HCO3
- secretion in most fishes is tightly coupled, the 
mechanisms do not always involve the apically-located Ae1 (Marshall and Grosell, 
2006). For example, the Osorezan dace uses Nbc1 instead to regulate its plasma 
pH by retaining HCO3
- intracellularly and Nbc1 expression is up-regulated in the 
presence of an acidic environment (Hirata et al., 2003). 
Besides the regulation of plasma pH in freshwater teleosts, acid-base 
balance is also essential for marine teleosts. Several studies have demonstrated the 
close links between the uptake of Na+ and Cl- with acid and base excretion. When 
ambient Na+ is replaced with organic ions, like choline and N-methyl-D-
glucamine, marine teleosts (toadfish and longhorn sculpin) exhibited a complete 
inhibition of net acid excretion (Evans, 1982; Claiborne et al., 1997). Substitution 
of ambient Cl- with isothyanate, however, resulted in a higher net acid excretion 
from the gills of the longhorn sculpin, probably due to reduced secretion of HCO3
- 
(Claiborne et al., 1997). 
In contrast to the hypotonic environment of freshwater, the high 
concentrations of NaCl in seawater will provide a driving force for the operation 
of Nhe across the apical membranes of ionocytes (Hwang et al., 2011). Indeed, 
the marine longhorn sculpin has two different types of ionocytes with one 
expressing apical Nhe2 with Nka, and the other ionocyte with basolateral V-
ATPase (Catches et al., 2006). It has been postulated that the Nhe2-expressing 
and V-ATPase-expressing ionocytes are responsible for acid secretion and base 
secretion, respectively in the marine teleost (Catches et al., 2006). 
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2.3.6. Role of gills in ammonia excretion 
2.3.6.1. Production of ammonia in fish 
Ammonia exists as two different forms in aqueous solution, molecular ammonia 
(NH3) and ammonium ion (NH4
+) which is formed by the protonation of NH3. 
Both NH3 and NH4
+ are present in aqueous solution, and the quantity of each 
species present is dependent on pH and temperature. The equilibrium reaction is 
reversible, with a pK of 9.0-9.5, and can be written as follows: NH3 + H3O
+ ↔ 
NH4
+ + H2O. Ammonia is toxic in its unionized form as most biological 
membranes are more permeable to NH3 but relatively impermeable to NH4
+. In 
this thesis, ammonia is used to include both NH3 and NH4
+ while NH3 and NH4
+ 
refer to molecular ammonia and its cationic equivalent, respectively.  
Ammonia plays an important role in the maintenance of nitrogen 
homeostasis in most living organisms. In humans and many aquatic animals, 
endogenous ammonia is mainly produced from the catabolism of excess dietary 
proteins which are no longer needed for growth and development (Campbell, 
1991). Unlike carbohydrates and lipids which can be converted into glycerol and 
triglycerides for use as fuels, proteins cannot be stored in the bodies of animals 
and any surplus must be eliminated promptly. In amino acid catabolism, the α-
amino nitrogen group is first released as ammonia through deamination. The 
carbon skeletons of the amino acids are then converted into glucose via 
gluconeogenesis or channelled directly into the tricarboxylic acid (TCA) cycle 
(Campbell, 1991).  
Ammonia is continually produced by many aquatic animals and is the 
principal end product of nitrogen metabolism in fish (Ip and Chew, 2010; Chew 
and Ip, 2014). Different tissues such as the liver, brain, kidney and muscle are 
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capable of ammonia production but the liver is the primary site of ammonia 
production in fish. Ammonia is mainly produced from amino acids in fish 
hepatocytes through the combined actions of mitochondrial glutamate 
dehydrogenase and cytosolic aminotransferases (Walton and Cowey, 1977; 
French et al., 1981; Ballantyne, 2001). Studies done on the goldfish showed that 
the liver accounts for 50-70% of ammonia production (van den Thillart and van 
Raaij, 1995). Another study reported that the rates of alanine and glutamine 
degradation in catfish hepatocytes account for 50% and 85%, respectively, of the 
entire amount of ammonia excreted by the fish (Campbell et al., 1983). Some 
ammonia can also be produced directly from amino acids by specific cytosolic 
deaminases such as serine dehydratase, threonine dehydratase, asparaginase and 
histidase (Youngson et al., 1982). Like humans, besides amino acids, ammonia 
can also be produced from the catabolism of purines and pyrimidines (Randall and 
Wright, 1987).  In addition, ammonia can be released internally as a result of 
AMP deamination in skeletal muscle during exercise or hypoxia or produced in 
fasting fish due to the catabolism of muscle proteins (Houlihan et al., 1995). 
2.3.6.2. Toxic effects of ammonia 
Ammonia is a toxic waste product of metabolism in animals and one of the most 
toxic respiratory gases (Ip and Chew, 2010; Chew and Ip, 2014). The toxic effects 
of ammonia can be acute or chronic depending on the conditions involved (Ip et 
al., 2001). Toxicity of environmental ammonia is both pH and temperature 
dependent, and increases as pH and temperature increase, because of the presence 
of a higher proportion of the total ammonia in its toxic form, NH3. Some of the 
deleterious effects of ammonia on cellular processes include impairment of the 
TCA cycle in the mitochondria or inhibition of the malate-aspartate shuttle which 
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disrupts energy metabolism (Arillo et al., 1981). Ammonia also activates cytosolic 
phosphofructokinase I and stimulates glycolysis in fishes. Gills will be 
predisposed to histopathological changes when exposed to environmental 
ammonia, thereby disrupting ionic transport and affecting cellular processes 
adversely (Daoust and Ferguson et al., 1984). In addition, environmental ammonia 
can have chronic effects on fish, resulting in gill hyperplasia (Thurston et al., 1978) 
and changes in the number of mucous cells, growth and stamina (Lang et al., 
1987). More importantly, ammonia accumulated in the body can have deleterious 
effects on the brain, causing hyperventilation, hyperexcitability, coma, 
convulsions and eventually death (McKenzie et al., 1993).  
One of the more acute toxic effects of ammonia probably arises from the 
ability of NH4
+ to substitute for K+ in ion transporters (Binstock and Lecar, 1969) 
which disrupts electrochemical gradients in the central nervous system (Cooper 
and Plum, 1987). This substitution can occur in ion transporters like Nka and/or 
Nkcc1 which are abundantly expressed in the ionocytes of fish gills (see Wilkie, 
2002 for a review) or in K+ channels where NH4
+ can replace and compete with 
K+ for entry into cells (Thomas, 1984; MarCaggi and Coles, 2001). Furthermore, 
NH4
+ can substitute for H+ in Nhe (e.g. Nhe2, Nhe3) of marine fishes (see Randall 
et al., 1999). These ammonia-induced substitutions will no doubt have a 
detrimental effect on fishes as ionic gradients will be disrupted and ionic 
homeostasis compromised.  
2.3.6.3. Excretion of ammonia in fish 
Most fishes are ammonotelic, excreting the majority of its nitrogenous waste 
(>50%) as ammonia. As ammonia has a small molecular size and is highly soluble 
in aqueous solutions, it can diffuse rapidly from the plasma to the gills, which are 
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the primary sites of ammonia excretion in fish (Wilkie, 1997; Wilkie, 2002; 
Weihrauch et al., 2009). Since the plasma pH in fish is around 1–2 units below the 
pK of ammonia, >95% of ammonia is present as NH4
+ in the plasma (Chew and Ip, 
2014). Due to the high toxicity of ammonia, it is important that ammonia is kept 
diluted and promptly excreted. Thus, ammonotelism requires a nearly unlimited 
access to water.  
Ammonotelic fishes would typically experience difficulties in excreting 
ammonia during emersion due to the limited supply of water to irrigate their 
branchial and cutaneous surfaces (Graham, 1997). Likewise, exposure to an 
alkaline medium or high concentration of environmental ammonia can result in an 
accumulation of endogenous ammonia due to the reduced NH3 diffusion gradient 
(Wilkie and Wood., 1996; Weihrauch et al., 2009).  High environmental ammonia 
levels can arise from the decomposition of organic matter by micro-organisms or 
from the use of fertilizers, industrial emissions or release of biological wastes 
from agricultural run-offs into the aquatic systems (Randall and Tsui, 2002; Chew 
et al., 2006). Ammonia of both endogenous and exogenous origin will contribute 
to a build-up of ammonia within the plasma and cytoplasm of fishes (Ip et al., 
2003) and death can happen when plasma ammonia level rises too rapidly or 
when lethal levels of ammonia are reached (Wilkie et al., 1993).  
Ammonia is excreted predominantly as NH3, usually across the branchial 
epithelium, to the external environment down a favourable blood-to-water 
diffusion gradient (Wilkie, 1997; Wilkie, 2002; Evans et al., 2005). Transport of 
ammonia can occur via simple diffusion across the plasma membrane or 
facilitated by transport proteins (Huang and Peng, 2005; Weihrauch et al., 2009; 
Wright and Wood, 2009). As mentioned in section 2.3.6.2, NH4
+ can substitute for 
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K+/H+ and transported across ionocytes by K+ channels, Nka, Nkcc1 or Nhe as 
both cations share similar ionic properties. In addition, Rh glycoproteins and Aqp 
have been proposed as important ammonia conduits in fish gills. 
Expression of seven genes encoding for Rh glycoproteins has been 
identified from the gills of the rainbow trout with functions in ammonia excretion 
(Nawata et al., 2007). rhbg, rhcg1 and rhcg2 are subsequently found to be 
expressed in rainbow trout embryos with changes and temporal dynamics 
consistent with nitrogen excretion (Hung et al., 2008). The expression of Rh 
glycoproteins has also been confirmed in the zebrafish and pufferfish (Nakada et 
al., 2007a; Nakada et al., 2007b). Furthermore, the heterologous expression of 
pufferfish Rh glycoproteins in Xenopus oocytes has affirmed their roles in 
methylammonium transport (Nakada et al., 2007a). While Rhcg1 can be 
expressed on both the apical and basolateral membranes, Rhbg is usually localized 
to the basolateral membranes of gill ionocytes with their expression up-regulated 
in response to high concentrations of environmental ammonia or ammonia 
infusion (see Wright and Wood, 2012; Nakhoul and Hamm, 2014 for reviews). 
Other than being water channels (see section 2.3.4), certain isoforms of 
Aqp can support significant fluxes of gases, like NH3 and CO2 (Geyer et al., 2013). 
Exposure of the Atlantic salmon to ammonia for 22 days resulted in a decreased 
mRNA expression of aqp3a1 while prolonged exposure (105 days) caused an up-
regulation in the mRNA expression of aqp3a1, as compared to the freshwater 
control (Kolarevic et al., 2012). These findings imply that Aqp3a may have an 
additional function in NH3 transport. Functional studies performed using ion-
selective microelectrodes demonstrated that Xenopus oocytes expressing AQP1 
display high NH4
+ permeability and significant, enhanced NH3 permeability 
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(Nakhoul et al., 2001). In another study, expression of AQP1, AQP3, AQP8 and 
AQP9 in Xenopus oocytes under voltage-gated and open-circuit conditions 
revealed that AQP3, AQP8 and AQP9 are able to support significant fluxes of 
NH3 and NH4
+ (Holm et al., 2005).  
aqp1aa has been successfully cloned and sequenced from the gills of A. 
testudineus (Ip et al., 2013) and its roles during exposure to high concentrations of 
environmental ammonia or terrestrial exposure will be discussed in detail, 
together with new findings obtained from this current study, in Chapters 2 and 3. 
2.3.6.4. Defence strategies against ammonia intoxication in A. testudineus 
Various fish species employ different mechanisms, either singly or in combination, 
to defend against the chronic effects of ammonia toxicity depending on its origin 
and the conditions that lead to ammonia intoxication (Ip et al., 2001). This allows 
fish species to ameliorate the problems of ammonia toxicity and confers upon 
them the ability to tolerate extremely high levels of environmental ammonia. 
There are currently 10 defence strategies which can be classified into four 
categories: (1) enhancement of ammonia excretion and reduction of ammonia 
influx, (2) conversion of ammonia to a less toxic product for accumulation and 
subsequent excretion, (3) reduction of ammonia production and avoidance of 
ammonia accumulation and (4) tolerance of ammonia at cellular and tissue levels 
(see Ip and Chew, 2010; Chew and Ip, 2014 for reviews). Active NH4
+ excretion 
(belonging to the first category of defence strategy) is the key strategy employed 
by A. testudineus to defend against ammonia toxicity at the cellular level (Tay et 
al., 2006). Notably, active NH4
+ excretion is the most effective approach for a fish 
to ameliorate ammonia toxicity in the presence of ammonia-loading conditions 
such as exposure to alkaline pH, terrestrial conditions and high concentrations of 
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environmental ammonia (Ip and Chew, 2010). The intracellular ammonia 
concentration can be effectively maintained at very low levels and cerebral 
ammonia intoxication prevented in the process. 
Anabas testudineus has the unique ability to actively excrete ammonia 
against inwardly-directed NH3 and NH4
+ gradients during emersion or in the 
presence of high environmental ammonia (Tay et al., 2006). The rate of ammonia 
excretion during emersion is similar to or higher than the freshwater control. 
Furthermore, there is a significant increase in the tissue ammonia content of the 
emersed fish, causing an increase in ammonia production and a transient increase 
in brain glutamine after 4 days of terrestrial exposure. Since there is an increase in 
the total essential free amino acids in the fish after 2 days of emersion, the 
increased ammonia production could be attributed to both increased protein 
degradation and amino acid catabolism. Both air-breathing and active ammonia 
excretion, when operating cooperatively, probably facilitate the use of amino 
acids as an energy source for locomotion when A. testudineus is on land. More 
importantly, Tay et al. (2006) reported a continual excretion of ammonia in a 
solution containing 12 mmol l-1 of NH4Cl. Active ammonia excretion reportedly 
occurs across both the cutaneous and branchial surfaces of the experimental fish 
and ammonia concentrations of water samples collected from these surfaces 
increase to 20 mmol l-1.  
Exposure of A. testudineus to 100 mmol l-1 NH4Cl in freshwater resulted 
in a significant increase in the mRNA expression of nkcc1, nkaα1c and cftr and 
protein expression of Nkcc1 and Nkaα1c but caused a significant decrease in the 
mRNA expression of aqp1aa (Loong et al., 2011; Ip et al., 2012a; Ip et al., 2012b; 
Ip et al., 2013). These studies provide convincing evidence that NH4
+ enters the 
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ionocyte, by substituting for K+, via basolateral Nkcc1a (Loong et al., 2011). 
Nkaα1c helps to maintain the electrochemical potential gradient of Na+ and K+, 
due to its preferred selectivity for K+ over NH4
+, during active ammonia excretion 
(Ip et al., 2012a). NH4
+ is subsequently actively excreted through an unknown 
apical NH4
+ transporter, driven by the transmembrane electrical potential 
generated by the excretion of Cl- or HCO3
- by apical Cftr (Ip et al., 2012b). The 
roles of Nka, Nkcc1 and Cftr in A. testudineus during exposure to high 
concentrations of environmental ammonia will be discussed in detail, together 





3. Materials and methods 
3.1. Fish acclimation and maintenance 
Specimens of A. testudineus (25–45g) were purchased from a local fish distributor. 
Fish were maintained in dechlorinated tap water (fresh water; pH 6.8–7.0) at 25 
ºC in fiberglass tanks with a continuous flow through system under a 12 h light-
dark regime for at least 2 weeks. No attempt was made to separate the sexes. 
During the acclimation period, the fish were fed frozen bloodworms once every 
two days. Food was withdrawn 2 days prior to experiment. The effects of fasting 
have been examined in Tay et al. (2007) and were shown to have no significant 
effects on the nitrogen metabolism of the fish.  No aeration was provided as A. 
testudineus is an obligate air-breather. Approval for the procedures adopted in this 
study has been sought from the Institutional Animal Care and Use Committee of 
the National University of Singapore (IACUC 021/10 and 098/10). 
3.2. Experimental conditions and sample collection 
Control fish (total N = 13; N = 5 each for molecular work and NGS and N = 3 for 
immunofluorescence microscopy) were immersed in 25 volumes of fresh water. 
For exposure to 1 day salinity 15 (N = 5 for molecular work), fish were 
progressively acclimated to a daily increase in salinity (day 1: fresh water, day 2: 
salinity 10, day 3: salinity 15). For exposure to seawater, fish (total N = 23; N = 
15 for molecular work, N = 5 for NGS and N = 3 for immunofluorescence 
microscopy) were progressively acclimated to a daily increase in salinity (day 1: 
fresh water, day 2: salinity 10, day 3: salinity 15, day 4: salinity 20, day 5: salinity 
25, day 6: salinity 30) and kept in seawater for 1 day, 3 days or 6 days. Waters of 
different salinities were prepared by mixing seawater with fresh water in different 
proportions. For exposure to environmental ammonia, fish (total N = 23; N = 15 
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for molecular work, N = 5 for NGS and N = 3 for immunofluorescence 
microscopy) were exposed to 100 mmol l-1 NH4Cl at pH 7.0 for 1 day, 3 days or 6 
days. For terrestrial exposure, fish (total N = 23; N = 15 for molecular work, N = 5 
for NGS and N = 3 for immunofluorescence microscopy) were placed in tanks 
containing a thin film of water (10 ml) for 1 day, 2 days, 3 days or 6 days. The 
walls of the tanks were lined with bubble wrap to prevent the fish from injuring 
itself when jumping or flipping on its sides. Fish were subsequently anaesthetized, 
after their respective experimental period, with an overdose of neutralized 0.05% 
MS-222 and killed with a strong blow to the head. Gills were quickly excised for 
immunofluorescence microscopy (see section 3.14) or cooled in liquid N2 and 
stored at -80 ºC. 
3.3. Total RNA extraction  
Total RNA was extracted from the gills of A. testudineus using Tri Reagent™ 
(Sigma-Aldrich Co., St. Louis, MO, USA) and purified using the RNeasy Plus 
Mini Kit (Qiagen GmbH, Hilden, Germany). RNA was quantified 
spectrophotometrically using a BioSpec-nano (Shimadzu, Tokyo, Japan) and 
RNA integrity assessed electrophoretically before storing at -80 ºC.  
3.4. cDNA library preparation for NGS 
4 μg of total RNA from four of the best total RNA samples (high quality RNA 
integrity, RIN > 8.0) were pooled for each of the following conditions: exposure 
to fresh water, seawater (salinity 30) or 100 mmol l-1 NH4Cl for 6 days or 
terrestrial conditions for 2 days. mRNA samples were purified and extracted from 
total RNA using oligo (dT)18-attached magnetic beads and purified with TruSeq
™ 
RNA  Sample Preparation Kit (Illumina Inc., San Diego, CA, USA). The purified 
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mRNA was subsequently converted to first strand cDNA using SuperScript® II 
reverse transcriptase (Thermo Fisher Scientific Inc., Waltham, MA, US). Double-
stranded cDNA was synthesized using DNA polymerase I and purified with 
Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA). Sequencing 
adapters were ligated to the 3’ ends of the double-stranded cDNA and amplified 
by PCR with primers that annealed to the ends of the adapters (Thermo Fisher 
Scientific Inc.). The size and purity of the cDNA libraries were determined using 
a 2100 BioAnalyzer and DNA-1000 kit (Agilent Technologies, Santa Clara, CA, 
USA) and their quantity measured via qPCR using the LightCycler® 480 real-time 
PCR system (Roche Diagnostics, Basel, Switzerland). Equal amounts of DNA 
from each of the four cDNA libraries were used for 2 x 101-bp paired end 
sequencing on HiSeq 2000 sequencing platform using TruSeq SBS Kit v3 – HS 
(Illumina Inc.) and HiSeq Control Software v1.4/RTA v1.2 with MiSeq Regeant 
Kit v3. Image analysis and base calling with quality score were performed with 
CASAVA v1.7 following the manufacturer’s protocol (Illumina Inc.). The raw 
reads were cleaned by removing adaptor sequences and low quality sequences 
based on Illumina Pipeline 1.5–1.7 quality scores. The raw reads for the NGS data 
have been submitted to NCBI Sequence Read Archive 
(http://www.ncbi.nlm.nih.gov/sra) with the accession numbers SAMN03988095, 
SAMN03988096, SAMN03988097 and SAMN03988098 representing the raw 
reads from the gills of A. testudineus in freshwater, seawater, 100 mmol l-1 NH4Cl 
or terrestrial conditions, respectively.  
3.5. de novo assembly, in silico validation and functional annotation 
Paired-end reads were imported into CLC Genomics Workbench 5.0 (Qiagen 
GmbH) and trimmed based on Phred scale quality score (Q15 and below). De 
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Brujin graph approach was used to perform de novo assembly of the contigs of 
certain length (k-mer = 25). A k-mer of 25 was selected as longer N50 contig 
length was obtained without significant compromise of read-mapping. Other 
parameters used included a bubble size of 50 and a minimum contig length of 200 
bases.  
Reads mapping back to the de novo assembled contigs was done using a 
local alignment at mismatch score of 2, insertion cost and deletion cost of 3. A 
filtering threshold of length fraction 0.5 and similarity 0.9 were applied for reads 
to be included in the output and further computed as average coverage. Reads 
from the freshwater library and the respective experimental library were used to 
assemble contigs for the combined gill transcriptome (freshwater and seawater, 
freshwater and NH4Cl or freshwater and land). 26 Sanger-sequenced complete 
coding sequences of A. testudineus were downloaded from NCBI nucleotide 
database (http://www.ncbi.nlm.nih.gov/nuccore/; Appendix 1) and compared 
(using blastn), with the sequences obtained from the combined gill transcriptome, 
to assess the quality of the assembled contigs. The assembled contigs from the 
combined gill transcriptome were also blastx to NCBI’s non-redundant database 
for Homo sapiens using CLC Genomics Workbench 5.0 (Qiagen GmbH).  
3.6. RNA-seq mapping and expression analysis 
In order to estimate the relative differences in transcript abundance of the 
assembled contigs in the gills of A. testudineus in freshwater, seawater, 100 mmol 
l-1 NH4Cl or terrestrial conditions, the reads from each library were mapped back 
to the combined gill transcriptome using the following settings: minimum length 
fraction of 0.9 and minimum similarity fraction of 0.8. The read counts that were 
mapped to each assembled contig were normalized to Reads Per Kilobase of 
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transcript per Million mapped reads (RPKM) for the expression values, taking 
into account the contig length and the total reads of each library (Mortazavi et al., 
2008). The expression value in RPKM for each contig was used to estimate the 
expression ratio (RPKM of experimental/RPKM of control or RPKM of 
control/RPKM of experimental). Contigs with an E-value < 1.0E-50, average 
coverage > 20-fold and RPKM fold-difference of 1.5 were considered as contigs 
with high homology to the known human genes and were differentially expressed.  
3.7. Functional annotation 
Human homologs of differentially expressed assembled contigs were used to mine 
the human database using Ingenuity Pathway Analysis™ (IPA) software (Qiagen 
GmbH). Cellular location, functional type and biological functions of the encoded 
genes were identified by the software based on the human knowledge database in 
IPA. A right-tailed Fisher’s exact test was used to determine the P-values and 
calculate the probability that each biological functional category, enriched with 
human homologs, is associated with the dataset due to chance alone. A 
Benjamini-Hochberg corrected P-value < 0.05 is considered as statistically 
significant. Sections 3.4 to 3.7 were done in collaboration with Lam S. H. and Lui 
E. Y. at the Genome Institute of Singapore. 
3.8. Validation of RPKM fold changes for selected contigs 
In order to validate the fold changes obtained from NGS, some contigs were 
selected to verify their mRNA expression by qPCR. The contigs selected from 
each library (6 days seawater, 6 days 100 mmol l-1 NH4Cl, 2 days terrestrial) and 
the gene-specific qPCR primers are listed in Appendix 2, together with the PCR 
efficiencies for each pair of primers. β-actin, myocyte-specific enhancer factor 2A 
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(mef2a) and rho GTPase-activating protein 7 (dlc1) were used as internal controls 
for gill samples from the seawater-exposed, ammonia-exposed and terrestrial-
exposed fish, respectively and their PCR efficiencies are listed in Appendix 2. A 
relative standard curve was produced using a serially diluted cDNA of a randomly 
selected freshwater fish. The method of 2-ΔΔCt was used to validate that the 
difference in amplification efficiencies of the target and reference genes through a 
10-fold dilution remained relatively constant (Livak and Schmittgen, 2001).  
RNA (4 μg) from gill samples were reverse transcribed using random 
hexamer primers with RevertAid™ first strand cDNA synthesis kit (Fermentas 
International Inc.). qPCR was performed in triplicates using a StepOnePlus™ 
Real-Time PCR System (Applied Biosystems Inc., Foster City, CA, USA). Each 
qPCR reactions contained 5 μl of KAPA SYBR® FAST Master Mix (2×) ABI 
Prism® (Kapa Biosystems, Woburn, MA, USA), forward and reverse gene 
specific qPCR primers (see Appendix 2 for specific concentration of primers used) 
and 2 μl of cDNA (equivalent to 1 ng of cDNA). Cycling conditions were 95 °C 
for 20 s (1 cycle), followed by 40 cycles of 95 °C for 3 s and 62 °C for 30 s. Data 
(Ct values) were collected at each elongation step. Melt curve analysis was 
performed by increasing the temperature from 60°C to 95°C in 0.3°C increments 
to confirm the presence of a single product. The PCR products were separated in a 
2% agarose gel to verify the presence of a single band. All the data were 
normalized to the abundance of β-actin, mef2a or dlc1 mRNA. Logarithmic 




3.9. Rapid amplification of cDNA ends (RACE) PCR 
Total RNA (1 μg) extracted from the gills of A. testudineus was reverse 
transcribed into 5’-RACE-Ready cDNA and 3’RACE-Ready cDNA using 
SMARTer™ RACE cDNA Amplification kit (Clontech Laboratories, Mountain 
View, CA, USA). Based on the partial fragments of ncc, nkcc1b, aqp1ab, aqp3a, 
aqp7 and aqp11 obtained from NGS, specific 5’ and 3’ RACE primers were 
designed to obtain their complete sequences (Appendix 3) through RACE-PCR 
using the Advantage® 2 PCR kit (Clontech Laboratories). RACE-PCR cycling 
conditions were 30 cycles of 94°C for 30 s, 65°C for 30 s and 72°C for 4 min. 
RACE-PCR products were separated using gel electrophoresis and bands of the 
estimated molecular mass were excised, purified using the FavorPrep™ Gel 
Purification Mini Kit (Favorgen Biotech Corp., Ping-Tung, Taiwan) according to 
the manufacturer’s instructions and sequenced. Multiple sequencing was 
performed in both directions to obtain the full-length cDNA. Sequence assembly 
and analysis were performed using Bioedit v7.1.3 (Hall, 1999). The full cDNA 
coding sequences of nkaα1a, nkaα1b, nkaα1c, nkcc1a, cftr, rhag, rhbg, rhcg1, 
rhcg2 and aqp1aa from the gills of A. testudineus have been obtained previously 
from the author’s laboratory and the accession numbers for the sequences 
deposited to GenBank (www.ncbi.nlm.nih.gov/genbank/) are provided in 
Appendix 4.  
3.10. PCR amplification 
Using oligo (dT)18 primers and RevertAid
™ first strand cDNA synthesis kit 
(Thermo Fisher Scientific Inc.), first strand cDNA was synthesized from 4 μg of 
total RNA. PCR was performed on cDNA using specific primer sets designed 
based on the partial sequences obtained from NGS (Appendix 5). Each PCR was 
 44 
 
carried out using Dreamtaq™ DNA polymerase kit (Fermentas International Inc., 
Burlington, ON, Canada), according to the manufacturer’s protocol. The thermal 
cycling conditions were 95 °C for 3 min, followed by 40 cycles of 95 °C for 30 s, 
55 °C for 30 s, 72 °C for 1 min and a final extension of 72 °C for 10 min. PCR 
products were then separated by gel electrophoresis and bands of the estimated 
molecular mass were excised, purified using the FavorPrep™ Gel Purification 
Mini Kit (Favorgen Biotech Corp.) according to the manufacturer’s instructions 
and sequenced. The full cDNA coding sequences of nkcc1b, ncc, nhe1, nhe3, 
aqp1ab, aqp3a, aqp7, aqp11 are given in Appendix 6. 
3.11. Sequencing  
Cycle sequencing of all RACE-PCR and PCR products were performed using the 
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems Inc.,) and 
analyzed on the Prism™ 3130XL sequencer. 
3.12. qPCR  
qPCR was performed in triplicates using a StepOnePlus™ Real-Time PCR System 
(Applied Biosystems Inc.). Each qPCR reactions contained 5 μl of KAPA SYBR® 
FAST Master Mix (2×) ABI Prism® (Kapa Biosystems), forward and reverse gene 
specific qPCR primers (see Appendix 7 for specific concentration of primers 
used), and 2 μl of cDNA (equivalent to 1 ng of cDNA) or 2 μl of standard in a 
total volume of 10 μl. Cycling conditions were 95 °C for 20 s (1 cycle), followed 
by 40 cycles of 95 °C for 3 s and 62 °C for 30 s. Data (Ct values) were collected at 
each elongation step. Melt curve analysis was performed by increasing the 
temperature from 60°C to 95°C in 0.3°C increments to confirm the presence of a 
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single product. The PCR products were separated in a 2% agarose gel to verify the 
presence of a single band. 
The method of absolute quantification with reference to a standard curve 
for each gene was adopted in this study, as it was essential to compare the 
expression levels of specific genes in the gills of A. testudineus. Relative 
quantitation methods produce only fold-change data, which do not allow the 
interpretation of which isoform of a certain gene is predominantly expressed in 
the gills. Although absolute quantification provides more information, it is 
considered to be more labour-intensive than relative quantification due to the 
necessity to create reliable standards for quantification. In order to determine the 
absolute quantity of transcripts in a qPCR reaction, efforts were made to produce 
a pure amplicon (standard) of a defined region of nkaα1a, nkaα1b, nkaα1c, 
nkcc1a, nkcc1b, ncc, cftr, rhag, rhbg, rhcg1, rhcg2, nhe1, nhe3, aqp1aa, aqp1ab, 
aqp3a, aqp7 and aqp11 cDNA from the gills of A. testudineus according to the 
PCR method of Gerwick et al. (2007). PCR was performed with the gene specific 
qPCR primers (Appendix 7) with cDNA as a template in a final volume of 25 μl 
with the following cycling conditions: initial denaturation at 95 °C for 3 min, 
followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s and 1 
cycle of final extension of 72 °C for 10 min. PCR products were separated in a 2% 
agarose gel, excised and purified using the FavorPrep™ Gel Purification Mini Kit 
(Favorgen Biotech Corp.) according to the manufacturer’s instructions. cDNA 
fragments in the purified product were cloned using pGEM®-T Easy vector 
(Promega Corp., Madison, WI, USA). The presence of the insert in the 
recombinant clones was confirmed by sequencing and the cloned circular plasmid 
was quantified using a BioSpec-nano (Shimadzu).  
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The standard cDNA (template) was serially diluted (from 106 to 102 
copies/2 μl). A standard curve was obtained from plotting threshold cycle (Ct) on 
the Y axis and the natural log of concentration (copies μl-1) on the X axis. The Ct, 
slope, PCR amplification efficiency, Y intercept and correlation coefficient (r2) 
were calculated using the default settings of StepOnePlus™ Software v2.3 
(Applied Biosystems). Diluted standards were stored at -20°C. The PCR 
efficiencies for each of qPCR primer pairs are indicated in Appendix 6. The 
quantity of transcript in an unknown sample was determined from the linear 
regression line derived from the standard curve and expressed as copies of 
transcripts per ng cDNA. 
3.13. SDS-PAGE electrophoresis and Western blot 
A commercial firm (GenScript, Piscataway, NJ, USA) was engaged to raise a 
rabbit polyclonal antibody against the translated amino acid sequence of Nkaα1c, 
Nkcc1a, Nkcc1b, Ncc, Rhag, Rhbg, Rhcg2, Nhe1, Nhe3, Aqp1aa, Aqp1ab, Aqp3a, 
Aqp7 or Aqp11 from the gills of A. testudineus. The rabbit polyclonal antibody 
for Rhcg1 was kindly provided by Hirose S. Epitope sequence of the translated 
amino acid based on which each antibody was designed against is given in 
Appendix 8. The purpose of Western blot in this study is to verify the specificity 
of the custom-made antibodies through detection of the protein of interest at the 
correct molecular mass before proceeding to immunofluorescence microscopy.  
Gill samples were homogenized three times in five volumes (w/v) of ice 
cold buffer containing 50 mmol l-1 Tris HCl, (pH 7.4), 1 mmol l-1 EDTA, 150 
mmol l-1 NaCl, 1 mmol l-1 NaF, 1 mmol l-1 Na3VO4, 1% NP-40, 1 mmol l
-1 PMSF, 
and 1× HALT™ protease inhibitor cocktail (Thermo Fisher Scientific Inc.) at 
24,000 rpm for 20 s each with 10 s intervals using the Polytron PT 1300D 
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homogenizer (Kinematica AG, Luzern, Switzerland). The homogenate was 
centrifuged at 10,000 × g for 20 min at 4°C. The protein concentration in the 
supernatant obtained was determined (Bradford, 1976) and adjusted to 5 μg μl-1 
with Laemmli buffer (Laemmli, 1970). Samples were heated at 70°C for 15 min 
and kept at -80°C until analysis. Proteins were separated by SDS-PAGE 
according to the method of Laemmli (1970) using a vertical mini-slab apparatus 
(Bio-Rad Laboratories, Hercules, CA, USA). Proteins were then 
electrophoretically transferred onto a PVDF membrane using a Mini Transblot 
Cell (Bio-Rad Laboratories). Blocking of the membrane was performed with 10% 
skim milk in TTBS (0.05% Tween 20 in Tris-buffered saline: 20 mmol l-1 Tris-
HCl; 500 mmol l-1 NaCl, pH 7.6) for 1 h. The blocked membrane was 
subsequently incubated with the specific antibodies in 1% bovine serum albumin 
in TTBS (see Appendix 8 for the dilution used for each antibody) overnight at 
4°C. The membranes were incubated in horseradish peroxidase-conjugated 
secondary antibodies (goat anti-rabbit or anti-mouse; 1:5,000 dilution; Santa Cruz 
Biotechnology Inc., CA, USA) for 1 h at room temperature. Bands were 
visualized by chemiluminescence (Western Lightning™, PerkinElmer Life 
Sciences, Boston, MA, USA) using X-ray film (Thermo Fisher Scientific) and 
were processed by a Kodak X-Omat 3000 RA processor (Kodak, Rochester, NY, 
USA). Immunoreactive band for each targeted protein was visualized at the 
expected molecular mass and verified for use in immunofluorescence microscopy. 
3.14. Immunofluorescence microscopy 
Freshly-excised samples from section 3.2. were immersion fixed overnight in 3% 
paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4) at 4°C. Samples 
were decalcified (FASC: 30% formic acid/13% sodium citrate, pH 2.3) at room 
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temperature for 24 h, dehydrated in 75% ethanol and cleared in xylene before 
embedding in paraffin. Paraffin sections (5μm) were collected onto Superfrost® 
Plus pre-cleaned microscope slides (Thermo Fisher Scientific) and used for 
immunofluorescence microscopy work. 
Immunofluorescence microscopy was performed on the first and second 
gill arches of A. testudineus. Antigen retrieval was performed by treating 
deparaffinized sections with 0.05 % citraconic anhydride (Namimatsu et al. 2005). 
Sections were first double labelled using anti-NKAαRb1 rabbit polyclonal 
antibody with anti-Nkaα1a, anti-Nkaα1b (both are mouse monoclonal antibodies; 
Abmart Inc., Shanghai, China) or anti-Nkaα1c mouse polyclonal antibody 
(Genscript) to identify the major type of ionocytes expressed in the gills of fish 
kept in fresh water (control) or exposed to seawater, 100 mmol l-1 NH4Cl or 
terrestrial conditions for 6 days. The anti-NKAαRb1 rabbit polyclonal antibody is 
a pan-specific antibody originally designed by Ura et al. (1996) for labelling Nka 
α-subunit isoforms and widely used for fish species (Wilson, 2007). Subsequent 
sections were doubled labelled using anti-Nkcc1a, anti-Nkcc1b, anti-Ncc, anti-
Rhag, anti-Rhbg, anti-Rhcg2, anti-Nhe3, anti-Aqp1aa, anti-Aqp1ab, anti-Aqp3a, 
anti-Aqp7, anti-Aqp11 (Genscript) or anti-Rhcg1 (Hirose, S.) rabbit polyclonal 
antibodies with anti-Nkaα1a, anti-Nkaα1b or anti-Nkaα1c mouse monoclonal 
antibodies. Attempts were also made to double label anti-CFTR (Clone#24-1; 
R&D systems, Minneapolis, MN, USA) or anti-NKCC/NCC mouse monoclonal 
antibodies (T4; Developmental Studies Hybridoma Bank, Iowa City, IA, USA) 
with anti-NKAαRb1 or anti-Nkaα1c rabbit polyclonal antibodies. Each specific 
antibody was diluted (see Appendix 9 for the dilution used for each primary 
antibody) in blocking buffer (1 % BSA in TPBS). Anti-CFTR was diluted using 
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HIKARI signal enhancement solution A (Nacalai Tesque Inc., Kyoto, Japan). 
Primary antibody incubations were performed overnight at 4°C. Secondary 
antibody incubations using goat anti-mouse AlexaFluor® 568 and goat anti-rabbit 
AlexaFluor® 488 (1:500 dilution; Life Technologies Inc.) were carried out at 37°C 
for 1 h. After primary and secondary antibody incubations, sections were rinsed 
three times with TPBS and mounted. The corresponding differential interference 
contrast (DIC) image was also captured for tissue orientation. Sections were then 
viewed on an Olympus BX60 epifluorescence microscope (Olympus Corp.,Tokyo, 
Japan) and images captured using the Olympus DP73 digital camera (Olympus 
Corp.). All images were captured under predetermined optimal exposure settings. 
Brightness and contrast of the plates were adjusted while maintaining the integrity 
of the data. 
3.15. Statistical analysis 
Results were presented as means ± standard errors of the mean (S.E.M.). 
Statistical analyses were performed using SPSS v18 (IBM Corporation, Armonk, 
NY, USA). Normality of data and homogeneity of variance were verified using 
the Shapiro-Wilk test and Levene’s test, respectively. Square-root transformation 
was applied for means that do not assume normality. For means obtained from 
absolute quantification done in section 3.12, one-way analysis of variance 
(ANOVA) was performed, followed by multiple comparisons of means by 
Tukey’s test (for data with equal variances) or Dunnett’s T3 (for data with 
unequal variances). For means obtained from relative quantification, independent 
samples T-test was performed to evaluate the differences between means. 
Differences from all statistical analyses were regarded as statistically significant at 
P < 0.05.  
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4. CHAPTER 1 – Seawater adaptation 
4.1. Results 
4.1.1. Sequencing and de novo assembly of freshwater and seawater gill 
transcriptome 
Two cDNA libraries were prepared from the gill tissues of A. testudineus kept in 
fresh water or subjected to seawater for 6 days. After quality checks, a total of 
87.9 million paired reads and 82.0 million paired reads were obtained from the 
freshwater and seawater cDNA libraries, respectively. Due to the absence of a 
reference genome for A. testudineus, de novo assembly of the gill transcriptome 
was performed using a total of 169.9 million paired reads combined from both the 
freshwater and seawater gill libraries (Table 1). This serves as a reference for 
subsequent read mapping and functional annotation.  
A total of 150, 226 contigs were assembled which corresponded to a total 
contig length of approximately 129.8 million bp (Table 1). The length of the 
contigs obtained ranged from 200 bp to 23, 505 bp, with an average length of 864 
bp and a N50 length of 1, 621 bp (Table 1; Fig. 1A). Approximately 14% of the 
contigs had an average coverage of 100-fold or greater, and 29% had an average 
coverage of 20-fold or greater, while the remaining had less than 20-fold average 
coverage (Fig. 1B). The contig counts increased gradually (0.8% - 5% for every 
cumulative 10-fold increase in coverage) for contigs with an average coverage of 
20- to 100-fold. However, a steeper increase in contig counts (11% - 60% for 
every cumulative 10-fold increase in coverage) was observed when the average 




Table 1. Summary statistics of the combined transcriptome of the gills of 
Anabas testudineus kept in fresh water (FW) or exposed to seawater 
(SW; salinity 30) for 6 days. Overview of sequencing outputs and de 
novo assembly of the combined FW and SW gill transcriptome using 
2×101-bp paired-end reads from FW and SW gill libraries. 
Summary statistics 
Combined FW and SW gill 
libraries 
Number of paired end reads 169.9 million 
Number of bases 34.3 billion 
Number of assembled contigs 150, 226 
Average contig length (bases)  864 
Minimum contig length (bases) 200 
Maximum contig length(bases)  23, 505 
N50 contig length (bases)  1, 621 




Fig. 1. Distribution of assembled contigs of the combined transcriptome of 
the gills of Anabas testudineus kept in fresh water or exposed to 
seawater (salinity 30) for 6 days. (A) Number and percentage of 
assembled contigs with different contig length (kb). Contig lengths for 
N-25, N-50 and N-75 are also indicated. (B) Cumulative number and 
percentage of assembled contigs with different average coverage. A 
dotted line delineates the steep and gradual cumulative increase in contig 





















































































































































N75 = 0.55 kb 
N50 = 1.62 kb 
N25 = 3.87 kb 
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Cumulative percentage of contigs
Increase of 11-60% per 
10-fold coverage 
Gradual increase of 0.8-5% per 10-fold coverage 
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4.1.1.2. In silico evaluation of the combined freshwater and seawater gill 
transcriptome 
Among the 26 Sanger sequences used to further validate the quality of the 
assembled contigs, 81% had excellent hits (E-value = 0) while 12% had relatively 
good hits (0 < E-value < 1.0E-50) (Fig. 2A). No hits were obtained for two of the 
sequences. Among the 21 sequences with excellent hits (E-value = 0), 12 of them 
were equal to or longer than 1, 000 bp (Fig. 2B). Out of these 21 sequences, eight 
of them had their full length in perfect alignment (100%) with the best hit 
(assembled contigs) while six of them had greater than 75% of their coding 
sequence aligned and the remaining seven sequences had a percentage hit length 
of less than 75% (Fig. 2C). 
On the other hand, the remaining sequences with good hits (0 < E-value < 
1.0E-50) were all shorter than 1, 000 bp (Fig. 2B), ranging from 306 bp to 921 bp. 
These sequences also had a percentage hit length of <100% with an average hit 
length of 300 bp (Fig. 2C). Taken together, these findings indicate that both full-
length and partial-length coding sequences were represented in the assembled 
contigs. Furthermore, 18 of the 21 sequences with excellent hits (E-value = 0) and 
all three sequences with good hits (0 < E-value < 1.0E-50) had an average 
coverage equal to or greater than 100-fold (Fig. 2D), thus suggesting that many of 





Fig. 2. In silico evaluation (using BLASTN with 26 full-length Sanger coding 
sequences of Anabas testudineus) of the combined transcriptome of the gills of 
A. testudineus kept in fresh water or exposed to seawater (salinity 30) for 6 
days. (A) Percentage distribution (number) of the 26 Sanger sequences with 
respective best hit grouped within different BLASTN E-value range. (B) 
Percentage distribution (number) of the 26 Sanger sequences with different full 
length sizes (bp) grouped within different BLASTN E-value range. (C) 
Percentage distribution (number) of the 26 Sanger sequences with different 
percentage hit length grouped within different BLASTN E-value range. (D) 
Percentage distribution (number) of the 26 Sanger sequences with different 
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4.1.1.3. Differences in functional annotation of freshwater and seawater gill 
transcriptome 
Functional annotation for cellular localization of the human homologs revealed 
that the gills of A. testudineus exposed to 6 days of seawater had a higher 
proportion of genes encoding cytoplasmic proteins (9% more) compared to those 
of the freshwater control, which had more genes encoding proteins present in the 
plasma membrane (2% more) and nucleus (13% more) (Fig. 3A). On the other 
hand, the number of genes encoding proteins in the extracellular space was 
comparable for both the freshwater and seawater gill transcriptome. Interestingly, 
analysis on their functional types suggests that the gills of the seawater-exposed 
fish had a higher proportion of genes encoding enzymes, transporters, 
phosphatases, ion channels, translational regulators and growth factors (Fig. 3B). 
In contrast, the gills of the control fish contained more genes encoding cytokines, 
ligand-dependent nuclear receptors, transmembrane receptors, peptidases, G-
protein coupled receptors, kinases and transcription regulators. 
Results obtained from the analysis of the enriched biological functions 
revealed for the first time, in the gills of A. testudineus, a difference in the 
functional distribution between the up- and down-regulated gene groups. A higher 
percentage of genes encoding proteins associated with small molecule 
biochemistry, molecular transport, lipid metabolism, energy production, nucleic 
acid metabolism and carbohydrate metabolism were observed to be up-regulated 
in the gills of A. testudineus exposed to seawater for 6 days (Fig. 3C). On the 
contrary, genes which were down-regulated in the gills of fish after seawater 




Fig. 3. Functional annotation analyses of the combined transcriptome of the 
gills of Anabas testudineus kept in fresh water or exposed to seawater (SW; 
salinity 30) for 6 days. (A) Percentage distribution of the putative human 
homolog encoded proteins within different sub-cellular locations. (B) Percentage 
distribution of the putative human homolog encoded proteins according to their 
functional type. (C) Significantly enriched (P<0.05) biological processes that are 




































































































































































































































































































































































































































































































































































































































































































































































BH P-value = 0.05
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4.1.1.4. Gene categories involved in iono- and osmoregulation during 
seawater exposure 
Further analysis of the enriched biological processes revealed several categories 
of genes that were differentially expressed in the gills of A. testudineus exposed to 
seawater for 6 days, with functions that are of particular interest in the context of 
this study. As such, only selected gene categories are discussed in this chapter. 
These include gene categories, such as molecular transport, that may play a 
crucial role in helping A. testudineus to maintain internal ionic and osmotic 
homeostasis during seawater adaptation. Some of the annotated functions within 
this category include transport of ions, such as Na+, H+, K+, Ca2+, NH4
+ HCO3
- or 
Cl-, and reabsorption of water (Table 2), with genes such as, nkaα1c, nkaα1a, 
nkcc1a, cftr, nhe1, nhe3, nbc1, rhcg1, ATP-sensitive inward rectifier potassium 
channel 15 (kcnj15), ae1, short transient receptor potential channel (trpc6) and 
calcium-transporting ATPase type 2C member 1 (atp2c1), displaying high 
average coverage, total gene reads and RPKM values (Table 3).  
4.1.1.5. Gene categories related to energy production and metabolism of 
carbohydrates, amino acids and lipids 
Some of the functional categories observed to be important for the production of 
energy supplies and metabolism of glucose, amino acids, fatty acids and lipids, in 
the gills of A. testudineus, include the oxidation of D-glucose and lipids, 
glycolysis, gluconeogenesis, metabolism of glycogen, synthesis and metabolism 
of glutamine, uptake of fatty acids, metabolism of acyl-coenzyme A and synthesis 
of acetyl-coenzyme A (Table 2). The majority of genes associated with these 
categories were observed to be up-regulated in the gills after exposure to seawater 
for 6 days. Some of these genes include facilitated glucose transporter membrane 
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4 (glut4), 6-phosphofructokinase type c (pfkp), phosphoglycerate kinase (pgk1), 6-
phosphofructokinase, liver type (pfkl), glyceraldehyde-3-phosphate 
dehydrogenase (gapdh), hexokinase 1 (hk1), pyruvate carboxylase (pc), glycogen 
synthase (gys2), glycogen phosphorylase (pygm), glutamine synthetase 2 (gs2), 
sodium- and chloride-dependent taurine transporter (slc6a6), Y+L amino acid 
transporter 1 (slc7a7), betaine-homocysteine S-methyltransferase 1 (bhmt), long-
chain fatty acid transport protein 1 (slc27a1), long-chain fatty acid transport 
protein  6 (slc27a6),  peroxisome proliferator-activated receptor alpha (ppara), 3-




Table 2. Overview of representative gene categories that are up-regulated in 
the gills of Anabas testudineus after exposure to seawater (SW; salinity 30) 
for 6 days. Total number of contigs, with a fold change of ≥ 1.5 (SW RPKM/FW 
RPKM) when compared to the FW control, is given for each annotated function 
within the selected gene categories. 
Gene category Function annotation Total number of 
contigs 
Molecular transport Transport of cations 35 
Transport of Na+ 12 
Transport of K+ 12 
Transport of H+ 9 
Transport of HCO3
- 3 
Reabsorption of water 4 
Efflux of Cl- 3 
Energy production Oxidation of D-glucose 6 
Oxidation of lipids 26 
Carbohydrate metabolism Glycolysis 13 
Gluconeogenesis 11 
Metabolism of glycogen 5 
Amino acid metabolism Metabolism of amino acids 17 
Synthesis of glutamine 2 






Table 2 (continued) 
Gene category Function annotation Total number of 
contigs 
Lipid metabolism  Uptake of fatty acids 11 
Metabolism of acyl-coenzyme A 6 




Table 3. Representative genes, in selected gene categories, which are up-regulated in the gills of Anabas testudineus after 
exposure to seawater (SW; salinity 30) for 6 days. Genes within each category are arranged in descending order of RPKM and 












Transport of cations sodium/potassium-transporting ATPase subunit alpha 1c nkaα1c 19936.98 158287 1145.91 
sodium/potassium-transporting ATPase subunit alpha 1a nkaα1a 4081.13 83415 260.40 
rhesus family C glycoprotein 1 rhcg1 5273.26 102917 258.93 
sodium/hydrogen exchanger 3 nhe3 3566.37 146780 258.42 
sodium-potassium-chloride cotransporter 1a nkcc1a 3196.70 255687 216.78 
sodium bicarbonate cotransporter 1 nbc1 3918.24 171233 184.45 
ATP-sensitive inward rectifier potassium channel 15 kcnj15 468.88 7160 24.09 
sodium/hydrogen exchanger 1 nhe1 499.10 21937 21.90 
calcium-transporting ATPase type 2C member 1 atp2c1 456.92 10444 20.58 
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Transport of cations 
(continued) 
short transient receptor potential channel 6 trpc6 389.10 13788 18.73 
sodium/calcium exchanger 1 slc8a1 137.54 4852 7.39 
Transport of Na+ sodium/potassium-transporting ATPase subunit alpha 1c nkaα1c 19936.98 158287 1145.91 
sodium/potassium-transporting ATPase subunit alpha 1a nkaα1a 4081.13 83415 260.40 
sodium/hydrogen exchanger 3 nhe3 3566.37 146780 258.42 
sodium-potassium-chloride cotransporter 1a nkcc1a 3196.70 255687 216.78 
sodium bicarbonate cotransporter 1 nbc1 3918.24 171233 184.45 















Transport of K+ sodium/potassium-transporting ATPase subunit alpha 1c nkaα1c 19936.98 158287 1145.91 
sodium/potassium-transporting ATPase subunit alpha 1a nkaα1a 4081.13 83415 260.40 
sodium-potassium-chloride cotransporter 1a nkcc1a 3196.70 255687 216.78 
ATP-sensitive inward rectifier potassium channel 15 kcnj15 468.88 7160 24.09 
Transport of H+ sodium/hydrogen exchanger 3 nhe3 3566.37 146780 258.42 
sodium/hydrogen exchanger 1 nhe1 499.10 21937 21.90 
Transport of HCO3
- sodium bicarbonate cotransporter 1 nbc1 3918.24 171233 184.45 
anion exchange protein 1 ae1 947.92 64025 57.24 
cystic fibrosis transmembrane conductance regulator cftr 607.39 10409 42.68 
Reabsorption of 
water 
sodium/hydrogen exchanger 3 nhe3 3566.37 146780 258.42 
Efflux of Cl- sodium-potassium-chloride cotransporter 1a nkcc1a 3196.70 255687 216.78 
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Efflux of Cl- 
(continued) 
anion exchange protein 1 ae1 947.92 64025 57.24 














facilitated glucose transporter membrane 4 glut4 280.74 10783 17.04 
Oxidation of lipids facilitated glucose transporter membrane 4* glut4 280.74 10783 17.04 
*may be an inaccurate classification but was indicated based on the functional annotation given by IPA  
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Table 3 (continued) 
Carbohydrate metabolism 








Glycolysis 6-phosphofructokinase type c pfkp 692.98 2789 29.28 
phosphoglycerate kinase 1 pgk1 573.67 557 19.10 
6-phosphofructokinase, liver type pfkl 461.88 616 17.63 
facilitated glucose transporter membrane 4 glut4 280.74 10783 17.04 
glyceraldehyde-3-phosphate dehydrogenase gapdh 98.88 867 4.72 
hexokinase 1 hk1 70.78 653 3.28 
Gluconeogenesis pyruvate carboxylase pc 668.63 27586 30.28 
phosphoglycerate kinase 1 pgk1 573.67 557 19.10 
glyceraldehyde-3-phosphate dehydrogenase gapdh 98.88 867 4.72 
Metabolism of 
glycogen 
glycogen synthase gys2 124.47 3305 8.04 
glycogen phosphorylase pygm 143.53 2642 6.46 
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Table 3 (continued) 
Amino acid metabolism 








Metabolism of amino 
acids 
glutamine synthetase 2 gs2 1937.00 34317 129.25 
sodium- and chloride-dependent taurine transporter slc6a6 1499.10 21919 77.24 
Y+L amino acid transporter 1 slc7a7 220.88 2875 9.40 
betaine-homocysteine S-methyltransferase 1 bhmt 93.85 805 4.21 
Synthesis of 
glutamine 








Table 3 (continued) 
Lipid metabolism 








Uptake of fatty acids long-chain fatty acid transport protein 1 slc27a1 725.82 15512 33.95 
long-chain fatty acid transport protein 6 slc27a6 375.37 5178 15.91 
peroxisome proliferator-activated receptor alpha ppara 144.82 3482 6.39 
Metabolism of acyl-
coenzymeA 
3-ketoacyl-CoA thiolase acaa2 1254.76 17179 56.40 
Synthesis of acetyl-
coenzymeA 




4.1.1.6. Gene categories involved in molecular transport 
Even though majority of the functional categories within molecular transport are 
more enriched in the gills of A. testudineus after 6 days of seawater exposure, 
there is one particular category, mobilization of Ca2+, which is more enriched in 
the gills of the control fish (Table 4). An example of a gene important for Ca2+ 
transport is vanilloid receptor 1 (trpv1) (Table 5). 
4.1.1.7. Gene categories involved in salinity-induced apoptosis 
Another category of great importance is cell death and survival which contains 
genes with functions important in modulating the salinity-induced apoptotic 
processes in the gills of A. testudineus (Table 4). Most of the genes related to 
apoptosis are observed to be down-regulated in the gills of the seawater-exposed 
A. testudineus. Examples of some of these genes include aqp1aa, aqp3a, caspase 
6 (casp6) and caspase recruitment domain-containing protein 9 (card9) (Table 5). 
4.1.1.8. Gene categories associated with cellular growth and proliferation, 
development and morphology of cells 
Similarly, majority of the genes with functions related to various cellular 
processes and activities were also down-regulated in the gills of A. testudineus 
after exposure to seawater for 6 days. The annotated functions include 
proliferation, differentiation and maturation of cells and morphology of cells 
(Table 4). Examples of genes associated with these functions include aqp1aa, 
aqp3a, foxhead box protein L2 (foxl2), foxhead box protein O1 (foxo1), 
proliferating cell nuclear antigen (pcna), prolactin receptor (prlr), growth 
hormone receptor (ghr), claudin 19 (cldn19), different isoforms of tyrosine-
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protein kinase jak (jak) and signal transducer and activator of transcription (stat) 
(Table 5).  
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Table 4. Overview of representative enriched gene categories that are down-
regulated in the gills of Anabas testudineus after exposure to seawater (SW; 
salinity 30) for 6 days. Total number of contigs, with a fold change of ≤ 0.66 
(SW RPKM/FW RPKM) when compared to the FW gill library, is given for each 
annotated function within the selected gene categories. 
Gene category Function annotation Total number 
of contigs 
Molecular transport Mobilization of Ca2+ 42 
Cell death and survival Apoptosis 246 
Cellular growth and 
proliferation 
Proliferation of cells 344 
Cellular development Differentiation of cells 205 
Maturation of cells 49 
Cell morphology Morphology of cells 151 





Table 5. Representative genes, in selected gene categories, which are down-regulated in the gills of Anabas testudineus after 
exposure to seawater (salinity 30) for 6 days. Genes within each category are arranged in descending order of RPKM and presented 












Mobilization of Ca2+ vanilloid receptor 1  trpv1 155.15 2888 7.18 
Cell death and survival 








Apoptosis aquaporin 1aa aqp1aa 1845.82 19034 79.55 
aquaporin 3a aqp3a 820.07 25921 48.19 
caspase 6 casp6 473.66 4104 21.28 




Table 5 (continued) 
Cellular growth and proliferation 








Proliferation of cells signal transducer and activator of transcription 1 stat1 2184.34 50560 107.12 
aquaporin 1aa aqp1aa 1845.82 19034 79.55 
proliferating cell nuclear antigen pcna 1053.22 9579 45.81 
prolactin receptor prlr 378.35 14459 23.93 
signal transducer and activator of transcription 3.2 stat3 547.18 664 20.37 
tyrosine-protein kinase jak 2 jak2 338.89 5416 15.41 
signal transducer and activator of transcription 4 stat4 320.29 5167 15.08 
growth hormone receptor ghr 294.59 6229 13.98 
foxhead box protein L2 foxl2 243.19 6562 12.62 
tyrosine-protein kinase jak 3 jak3 300.31 1456 11.72 
foxhead box protein O1 foxo1 80.98 1937 3.47 
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Table 5 (continued) 
Cellular development 










signal transducer and activator of transcription 1 stat1 2184.34 50560 107.12 
aquaporin 3a aqp3a 820.07 25921 48.19 
prolactin receptor prlr 378.35 14459 23.93 
signal transducer and activator of transcription 3.2 stat3 547.18 664 20.37 
tyrosine-protein kinase jak 2 jak2 338.89 5416 15.41 
signal transducer and activator of transcription 4 stat4 320.29 5167 15.08 
growth hormone receptor ghr 294.59 6229 13.98 
foxhead box protein L2 foxl2 243.19 6562 12.62 
Maturation of cells signal transducer and activator of transcription 1 stat1 2184.34 50560 107.12 
signal transducer and activator of transcription 3.2 stat3 547.18 664 20.37 




Table 5 (continued) 
Cell morphology 








Morphology of cells signal transducer and activator of transcription 1 stat1 2184.34 50560 107.12 
signal transducer and activator of transcription 3.2 stat3 547.18 664 20.37 
tyrosine-protein kinase jak 2 jak2 338.89 5416 15.41 
signal transducer and activator of transcription 4 stat4 320.29 5167 15.08 
tyrosine-protein kinase jak 3 jak3 300.31 1456 11.72 
claudin 19 cldn19 129.21 4578 6.28 
foxhead box protein O1 foxo1 80.98 1937 3.47 
Size of cells aquaporin 1aa aqp1aa 1845.82 19034 79.55 




4.1.1.9. qPCR validation of RPKM fold changes for selected contigs  
Among the 13 differentially expressed genes randomly selected from various 
functional categories for validation, 10 of them were shown by NGS to be up-
regulated (cftr, nkcc1a, nkaα1a, nkaα1c, nhe3, nbc1, glut4, gs2, aif3 and tnf6B) 
and the remaining three (aqp1aa, aqp3a and pcna) down-regulated in the gills of 
A. testudineus exposed to 6 days of seawater. A high correlation was detected 
between the NGS and qPCR expression levels as 11 of the genes displayed a 
similar trend in both methods: nine of them were up-regulated (cftr, nkcc1a, 
nkaα1c, nhe3, nbc1, glut4, gs2, aif3 and tnf6B) and two were down-regulated 
(aqp1aa and aqp3a) while the fold changes for two of the genes (nkaα1a and 
pcna) were different between the two methods (Table 6). Further statistical 
analyses indicated that 11 of these genes were differentially expressed, with nine 
of them showing a significant up-regulation (cftr, nkcc1a, nkaα1c, nhe3, nbc1, 
glut4, gs2, aif3 and tnf6B) and two genes displaying a significant down-regulation 
(nkaα1a and aqp3a), while aqp1aa and pcna had no significant changes in their 




Table 6. Comparison of the fold changes of selected genes between NGS and 
quantitative real-time PCR (qPCR). Relative mRNA expression (calculated 
based on 2-∆∆CT) of cystic fibrosis transmembrane conductance regulator (cftr), 
Na+:K+:2Cl- cotransporter 1a (nkcc1a), Na+/K+-ATPase α1a (nkaα1a),  Na+/K+-
ATPase α1c (nkaα1c), sodium/hydrogen exchanger 3 (nhe3), sodium bicarbonate 
cotransporter 1 (nbc1), facilitated glucose transporter membrane 4 (glut4), 
glutamine synthetase (gs), aquaporin 1aa (aqp1aa), aquaporin 3a (aqp3a), 
apoptosis-inducing factor 3 (aif3), tumour necrosis factor receptor superfamily 
member 6B (tnf6B) and proliferating cell nuclear antigen (pcna), with actin as the 
reference gene, in the gills of Anabas testudineus exposed to seawater (salinity 
30) for 6 days, as compared to the freshwater control. A fold change of > 1 
indicates an up-regulation while a fold change of < 1 indicates a down-regulation. 





Molecular transport cftr 54.58 57.71 
nkcc1a 9.19 12.90 
nkaα1a 1.78 0.46 
nkaα1c 3.34 8.43 
nhe3 409.15 819.68 
nbc1 1.83 3.77 
Energy production glut4 5.11 7.08 
Amino acid metabolism gs2 9.28 9.32 
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Table 6 (continued) 





Cell death and 
survival 
aqp1aa 0.63 0.50 
aqp3a 0.17 0.11 
aif3 5.18 7.17 
tnf6B 3.11 4.25 
Cellular growth and 
proliferation 




Fig. 4. Quantitative real-time PCR (qPCR) of selected genes from various 
gene categories. Relative mRNA expression (calculated based on 2-∆∆CT) of cystic 
fibrosis transmembrane conductance regulator (cftr), Na+:K+:2Cl- cotransporter 
1a (nkcc1a), Na+/K+-ATPase α1a (nkaα1a), Na+/K+-ATPase α1c (nkaα1c), 
sodium/hydrogen exchanger 3 (nhe3), sodium bicarbonate cotransporter 1 (nbc1), 
facilitated glucose transporter membrane 4 (glut4), glutamine synthetase 2 (gs2), 
aquaporin 1aa (aqp1aa), aquaporin 3a (aqp3a), apoptosis-inducing factor 3 
(aif3), tumour necrosis factor receptor superfamily member 6B (tnf6B) and 
proliferating cell nuclear antigen (pcna),  with actin as the reference gene, in the 
gills of Anabas testudineus kept in fresh water (FW; control) in comparison with 6 
days (d) of exposure to seawater (salinity 30).  Results represent mean ± S. E. M 
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4.1.2. Absolute quantification of various transporter genes in the gills of A. 
testudineus during seawater adaptation 
4.1.2.1. mRNA expression of nkaα1a, nkaα1b and nkaα1c in the gills of fish 
exposed to seawater (salinity 30) for 1 day or 6 days 
Within the gills of fish kept in fresh water, the mRNA expression level (copies of 
transcript per ng cDNA) of nkaα1c is the highest (6664 copies), followed by 
nkaα1a (3287 copies) and nkaα1b (10 copies) (Fig. 5).  
Significant decreases were observed for the mRNA expression of nkaα1a 
after 1 day (by 71%) or 6 days (by 77%) in the gills of fish exposed to salinity 30 
(Fig. 5A). By contrast, significantly large increases in the mRNA expression of 
nkaα1b were detected in the gills of fish exposed to salinity 30 for 1 day (by 2, 
134-fold) or 6 days (by 4, 690-fold) (Fig. 5B). Similarly, there were significant 
increases in the mRNA expression of nkaα1c within the gills of fish exposed to 
salinity 30 for 1 day (by 5.6-fold) or 6 days (by 10.9-fold) (Fig. 5C). 
4.1.2.2. mRNA expression of cftr in the gills of fish exposed to seawater 
(salinity 30) for 1 day or 6 days 
There were significant increases in the mRNA expression of cftr in the gills of 
fish exposed to salinity 30 for 1 day (92-fold) or 6 days (219-fold), as compared to 
the control fish (Fig. 6). 
4.1.2.3. mRNA expression of ncc in the gills of fish exposed to salinity 15 for 1 
day or seawater (salinity 30) for 1 day, 3 days or 6 days 
The mRNA expression of ncc decreased significantly in the gills of fish exposed 
to salinity 15 for 1 day (by 53%) or salinity 30 for 1 day (by 42%), 3 days (by 
82%) or 6 days (by 78%), as compared to the freshwater control (Fig. 7).  
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Fig. 5. mRNA expression levels of Na+/K+-ATPase (nka) in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; N=5) of 
(A) nkaα1a, (B) nkaα1b or (C) nkaα1c transcripts in the gills of A. testudineus 
kept in fresh water (FW; control) or after 1 day (d) or 6 d of exposure to seawater 
(salinity 30) following a 5-day progressive increase in ambient salinity. Results 
represent means ± S.E.M. Means not sharing the same letter are significantly 




                                                          
























































































































































Fig. 6. mRNA expression levels of cystic fibrosis transmembrane conductance 
regulator (cftr) in the gills of Anabas testudineus. Absolute quantification 
(copies of transcript per ng cDNA; N=5) of cftr transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1 day (d) or 6 d of exposure 
to seawater (salinity 30) following a 5-day progressive increase in ambient 
salinity. Results represent means ± S.E.M. Means not sharing the same letter are 




                                                          















































Fig. 7. mRNA expression levels of Na+:Cl- co-transporter (ncc) in the gills of 
Anabas testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=4) of ncc transcripts in the gills of A. testudineus kept in fresh water (FW; 
control) or after 1 day (d) of exposure to salinity 15, or after 1, 3 or 6 d of 
exposure to seawater (salinity 30) following a 5-day progressive increase in 
ambient salinity. Results represent means ± S.E.M. Means not sharing the same 























































4.1.2.4. mRNA expression of nkcc1a in the gills of fish exposed to seawater 
(salinity 30) for 1 day or 6 days 
When compared to the freshwater control, the mRNA expression of nkcc1a 
showed a significant increase after 1 day (by 11.2-fold) or 6 days (by 15.6-fold) of 
exposure to salinity 30 (Fig. 8). 
4.1.2.5. mRNA expression of nkcc1b in the gills of fish exposed to salinity 15 
for 1 day or seawater (salinity 30) for 1 day, 3 days or 6 days 
Significant decreases were observed for the mRNA expression of nkcc1b in the 
gills of fish exposed to salinity 15 for 1 day (by 44%), or salinity 30 for 1 day (by 
44%), 3 days (by 65%) or 6 days (by 59%), as compared to the freshwater control 
(Fig. 9). This is in contrast to the significant increases in the mRNA expression of 
nkcc1a detected in the gills of fish exposed to salinity 30 for 1 day or 6 days when 
compared to that of the freshwater fish (Loong et al., 2011). Furthermore, the 
quantity (copies of transcript per ng cDNA) of nkcc1a is present in higher 





Fig. 8. mRNA expression levels of Na+:K+:2Cl- cotransporter 1a (nkcc1a) in 
the gills of Anabas testudineus. Absolute quantification (copies of transcript per 
ng cDNA; N=5) of nkcc1a transcripts in the gills of A. testudineus kept in fresh 
water (FW; control) or after 1 day (d) or 6 d of exposure to seawater (salinity 30) 
following a 5-day progressive increase in ambient salinity. Results represent 
means ± S.E.M. Means not sharing the same letter are significantly different (P 
<0.05).3  
  
                                                          



















































Fig. 9. mRNA expression levels of Na+:K+:2Cl- cotransporter 1b (nkcc1b) in 
the gills of Anabas testudineus. Absolute quantification (copies of transcript per 
ng cDNA; N=4) of nkcc1b transcripts in the gills of A. testudineus kept in fresh 
water (FW; control) or after 1 day (d) of exposure to salinity 15, or after 1, 3 or 6 
d of exposure to seawater (salinity 30) following a 5-day progressive increase in 
ambient salinity. Results represent means ± S.E.M. Means not sharing the same 
























































4.1.2.6. mRNA expression of rhag, rhbg, rhcg1 and rhcg2 in the gills of fish 
exposed to salinity 15 for 1 day or seawater (salinity 30) for 1 day, 3 days or 6 
days 
In the gills of fish kept in fresh water, the quantity (copies of transcript per ng 
cDNA) of mRNA transcripts of rhbg present is the highest (56, 707 copies), 
followed by rhag (13, 325 copies) and rhcg1 (12, 945copies), with rhcg2 present 
in the lowest amounts (857 copies) (Fig. 10).  
When compared to the freshwater control, the mRNA expression of rhag 
decreased significantly in the gills of fish exposed to salinity 30 for 3 days (by 
30%) or 6 days (by 45%) (Fig. 10A). The mRNA expression of rhbg, on the other 
hand, increased significantly after 1 day of exposure to salinity 15 (by 1.5-fold) or 
1 day of exposure to salinity 30 (by 1.6-fold) before returning close to control 
levels on the third day of seawater exposure, and decreased significantly after 6 
days of seawater exposure (by 36%) (Fig. 10B). On the contrary, the mRNA 
expression of rhcg1 increased significantly after 1 day (by 2.1-fold), 3 days (by 
2.2-fold) or 6 days (by 1.7-fold) of seawater exposure (Fig. 10C). A significant 
increase was observed for the mRNA expression of rhcg2 in the gills of fish 
exposed to salinity 15 for 1 day (by 24.2-fold) or salinity 30 for 1 day (by 16.5-
fold), while there were no significant changes in the mRNA expression levels of 




Fig. 10. mRNA expression levels of rhesus glycoproteins in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; N=4) of 
(A) rhesus blood group-associated glycoprotein (rhag), (B) rhesus family B 
glycoprotein (rhbg), (C) rhesus family C glycoprotein 1 (rhcg1) or (D) rhesus 
family C glycoprotein 2 (rhcg2) transcripts in the gills of A. testudineus kept in 
fresh water (FW; control) or after 1 day (d) of exposure to salinity 15, or after 1, 3 
or 6 d of exposure to seawater (salinity 30) following a 5-day progressive increase 
in ambient salinity. Results represent means ± S.E.M. Means not sharing the same 



















































































































































































































4.1.2.7. mRNA expression of nhe1 and nhe3 in the gills of fish exposed to 
salinity 15 for 1 day or seawater (salinity 30) for 1 day, 3 days or 6 days 
The quantity (copies of transcript per ng cDNA) of nhe1 is present in higher 
amounts (383 copies) compared to that of nhe3 (25 copies) in the gills of the 
control fish (Figs. 11). 
The mRNA expression of nhe1 increased significantly in the gills of fish 
exposed to salinity 30 for 1 day (by 3.1-fold), 3 days (by 4.0-fold) or 6 days (by 
1.9-fold), as compared to the freshwater control (Fig. 11A). However, 
significantly larger increases in the mRNA expression of nhe3 were observed in 
the gills of fish exposed to salinity 15 for 1 day (by 16.6-fold), or salinity 30 for 1 




Fig. 11. mRNA expression levels of sodium/hydrogen exchanger (nhe) in the 
gills of Anabas testudineus. Absolute quantification (copies of transcript per ng 
cDNA; N=4) of (A) nhe1 or (B) nhe3 transcripts in the gills of A. testudineus kept 
in fresh water (FW; control) or after 1 day (d) of exposure to salinity 15, or after 1, 
3 or 6 d of exposure to seawater (salinity 30) following a 5-day progressive 
increase in ambient salinity. Results represent means ± S.E.M. Means not sharing 













































































































4.1.2.8. mRNA expression of aqp1aa in the gills of fish exposed to seawater 
(salinity 30) for 1 day or 6 days 
No significant changes were observed for the mRNA expression of aqp1aa in the 
gills of fish after 1 or 6 days of seawater exposure (Fig. 12). 
4.1.2.9. mRNA expression of aqp1ab, aqp3a, aqp7 and aqp11 in the gills of fish 
exposed to salinity 15 for 1 day or seawater (salinity 30) for 1 day, 3 days or 6 
days 
Within the gills of fish kept in fresh water, the mRNA expression level (copies of 
transcript per ng cDNA) of aqp3a is the highest (2557 copies), followed by 
aqp1aa (1057 copies; Ip et al., 2013), aqp7 (367 copies), aqp1ab (329 copies) and 
aqp11 (108 copies) (Figs. 13). 
There were significant decreases in the mRNA expression of aqp1ab after 
1 day (by 37%), 3 days (by 40%) or 6 days (by 63%) of exposure to salinity 30, as 
compared to the freshwater control (Fig. 13A). Significantly larger decreases were 
observed for the mRNA expression of aqp3a after 1 day of exposure to salinity 15 
(by 82%), or 1 day (by 89%), 3 days (by 94%) or 6 days (by 87%) of exposure to 
salinity 30 (Fig. 13B). Similarly, the mRNA expression of aqp7 decreased 
significantly after 1 day (by 44%), 3 days (by 49%) or 6 days (by 67%) of 
exposure to salinity 30 (Fig. 13C). As for aqp11, its mRNA expression showed a 
significant decrease (by 32%) on the sixth day of exposure to salinity 30, as 




Fig. 12. mRNA expression levels of aquaporin 1aa (aqp1aa) in the gills of 
Anabas testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=5) of aqp1aa transcripts in the gills of A. testudineus kept in fresh water (FW; 
control) or after 1 day (d) or 6 d of exposure to seawater (salinity 30) following a 
5-day progressive increase in ambient salinity. Results represent means ± S.E.M. 
Means not sharing the same letter are significantly different (P <0.05).4 
  
                                                          


















































Fig. 13. mRNA expression levels of aquaporin (aqp) in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; N=4) of 
(A) aqp1ab, (B) aqp3a, (C) aqp7 or (D) aqp11 transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1 day (d) of exposure to 
salinity 15, or after 1, 3 or 6 d of exposure to seawater (salinity 30) following a 5-
day progressive increase in ambient salinity. Results represent means ± S.E.M. 


























































































































































































































Please refer to the soft copy when necessary for Figs 21-37 as the printed 
copies may inevitably show some loss in the quality of the micrographs.  
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4.1.3. Immunofluorescent localization of various transporters in the gills of A. 
testudineus during seawater adaptation 
4.1.3.1. Immunofluorescent localization of NKAαRb1 and Nkaα1a in the gills 
of freshwater (control) fish and after 6 days of seawater exposure 
Nkaα1a (red) was found to be preferentially expressed in the basolateral 
membranes of small ovoid cells within the gills of the freshwater fish and all the 
Nkaα1a-stained ionocytes co-labelled with anti-NKAαRb1 (green), an antibody 
known to be pan-specific for the NKA/Nka α-subunits, thereby producing a 
yellow-orange colour along the secondary lamellae (Fig. 14A). However, the 
expression of Nkaα1a was drastically reduced in the gills of fish exposed to 
seawater for 6 days (Fig. 14B). 
4.1.3.2. Immunofluorescent localization of NKAαRb1 and Nkaα1b in the gills 
of freshwater (control) fish and after 6 days of seawater exposure 
The expression of Nkaα1b (red) was undetectable in the gills of the control fish 
and hence, co-labelling of anti-Nkaα1b with anti-NKAαRb1 (green) gave a green 
colour (Fig. 15A). In comparison, the expression of Nkaα1b increased 
considerably within the basolateral membranes of ionocytes located along the 
secondary lamellae of the gills of fish acclimated to seawater, giving a yellow-
orange colour when co-labelled with NKAαRb1 (Fig. 15B). The squamous-
shaped Nkaα1b-labelled ionocytes in the gills of the seawater-exposed fish were 
also larger (around 2-3 times) than the ovoid-shaped Nkaα1a-labelled ionocytes 




Fig. 14. Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1a in the gills of Anabas testudineus. Double immunofluorescence 
was performed using anti-NKAαRb1 and anti-Nkaα1a antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of 
exposure to seawater (SW; salinity 30) following a progressive increase in salinity. 
Immunofluorescence of anti-NKAαRb1 (green) and anti-Nkaα1a (red) antibodies 
are shown in (i) and (ii), respectively. Both channels (green and red) are merged 
in (iii) and overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red channels 





Fig. 15. Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1b in the gills of Anabas testudineus. Double immunofluorescence 
was performed using anti-NKAαRb1 and anti-Nkaα1b antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of 
exposure to seawater (SW; salinity 30) following a progressive increase in salinity. 
Immunofluorescence of anti-NKAαRb1 (green) and anti-Nkaα1b (red) antibodies 
are shown in (i) and (ii), respectively. Both channels (green and red) are merged 
in (iii) and overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red channels 





4.1.3.3. Immunofluorescent localization of NKAαRb1 and Nkaα1c in the gills 
of freshwater (control) fish and after 6 days of seawater exposure 
Minimal expression of Nkaα1c was detected in the gills of the freshwater fish and 
hence, very few cells were observed to co-localize with NKAαRb1 (Fig. 16A). In 
contrast, the expression of Nkaα1c increased drastically in the gills of fish 
exposed to seawater and all the Nkaα1c-labelled ionocytes (red) co-labelled with 
anti-NKAαRb1 (green), resulting in a yellow-orange colour in the basolateral 
membranes of cells located throughout the secondary lamellae (Fig. 16B). The 
size of the Nkaα1c-labelled ionocytes is comparable to those labelled with 
Nkaα1b, which are around 2-3 times larger than the Nkaα1a-labelled ionocytes. 
4.1.3.4. Immunofluorescent localization of Nkaα1c and Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of seawater exposure 
No co-localization was observed for the staining of Nkaα1c and Nkaα1a in both 
the gills of fish in fresh water or exposed to seawater, indicating that they are 
present in different types of ionocytes (Figs. 17A and B). 
4.1.3.5. Immunofluorescent localization of Nkaα1c and Nkaα1b in the gills of 
freshwater (control) fish and after 6 days of seawater exposure 
As mentioned in section 4.1.3.2, no staining was detected for Nkaα1b in the gills 
of the control fish. Hence, only minimal Nkaα1c staining was detected (Fig. 18A). 
As for the gills of fish exposed to seawater, co-localization was not observed for 
the staining of Nkaα1c and Nkaα1b (Fig. 18B). This clearly indicates, for the first 




Fig. 16. Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1c in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-NKAαRb1 and anti-Nkaα1c antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of 
exposure to seawater (SW; salinity 30) following a progressive increase in salinity. 
Immunofluorescence of anti-NKAαRb1 (green) and anti-Nkaα1c (red) antibodies 
are shown in (i) and (ii), respectively. Both channels (green and red) are merged 
in (iii) and overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red channels 





Fig. 17. Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Nkaα1a in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-Nkaα1c and anti-Nkaα1a antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of 
exposure to seawater (SW; salinity 30) following a progressive increase in salinity. 
Immunofluorescence of anti-Nkaα1c (green) and anti-Nkaα1a (red) antibodies are 
shown in (i) and (ii), respectively. Both channels (green and red) are merged in (iii) 
and overlaid with differential interference contrast (DIC) image for orientation in 





Fig. 18. Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Nkaα1b in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-Nkaα1c and anti-Nkaα1b antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of 
exposure to seawater (SW; salinity 30) following a progressive increase in salinity. 
Immunofluorescence of anti-Nkaα1c (green) and anti-Nkaα1b (red) antibodies are 
shown in (i) and (ii), respectively. Both channels (green and red) are merged in (iii) 
and overlaid with differential interference contrast (DIC) image for orientation in 





Since Nkaα1b staining was undetectable and that of Nkaα1c minimally 
detected in the gills of the freshwater fish, the subsequent antibodies (anti-Ncc, 
anti-Nkcc1a, anti-Rhag, anti-Rhbg, anti-Rhcg1, anti-Rhcg2, anti-Nhe3, anti-
Aqp1aa, anti-Aqp1ab and anti-Aqp7) were co-labelled with Nkaα1a in order to 
characterize their location. As for the gills of fish exposed to seawater, Nkaα1a 
was minimally expressed. Hence, subsequent co-labelling of the above-mentioned 
antibodies was performed with either anti-Nkaα1b or anti-Nkaα1c to deduce the 
different types of ionocytes present. Efforts were also made to double label 
Nkaα1c with anti-Nkcc1/Ncc (T4) or anti-Cftr (clone #24-1) in the gills of fish 
acclimated to seawater. 
Attempts to label the gills of fish with anti-Nkcc1b, anti-Nhe1, anti-Aqp3a 
and anti-Aqp11 were unsuccessful and hence, no co-labelling was performed for 
these antibodies. 
4.1.3.6. Immunofluorescent localization of Ncc with Nkaα1a, Nkaα1b or 
Nkaα1c in the gills of freshwater (control) fish and after 6 days of seawater 
exposure 
With the exception of some cells, apical staining of Ncc was detected on the 
apical membranes of most Nkaα1a-labelled ionocytes in the gills of the freshwater 
fish (Fig. 19A). As for the gills of the seawater-exposed fish, Ncc expression was 
reduced and none of the Nkaα1b- and Nkaα1c-labelled ionocytes expressed Ncc 




Fig. 19. Immunofluorescent localization of Na+:Cl- co-transporter (Ncc) and 
Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Ncc and anti-Nkaα1a 
antibodies, or (B) after 6 days (d) of exposure to seawater (SW; salinity 30), 
following a progressive increase in salinity, using anti-Ncc and anti-Nkaα1b 
antibodies, or (C) after 6 d of exposure to SW, following a progressive increase in 
salinity, using anti-Ncc and anti-Nkaα1c antibodies. Immunofluorescence of anti-
Ncc (green) and anti-Nkaα1b or anti-Nkaα1c (red) antibodies are shown in (i) and 
(ii), respectively. Both channels (green and red) are merged in (iii) and overlaid 
with differential interference contrast (DIC) image for orientation in (iv). Arrows 







4.1.3.7. Immunofluorescent localization of Nkcc1a with Nkaα1a, Nkaα1b or 
Nkaα1c in the gills of freshwater (control) fish and after 6 days of seawater 
exposure 
In the gills of the freshwater fish, Nkcc1a-labelled cells (green) were found to co-
localize with Nkaα1a (red), giving a yellow-orange colour (Fig. 20A). Notably, 
there were some Nkaα1a-labelled ionocytes that did not show any co-localization 
with anti-Nkcc1a. This could suggest the presence of another cell type. Co-
labelling of anti-Nkcc1a with anti-Nkaα1b, in the gills of the seawater-exposed 
fish, clearly indicated that they were present in the membranes of different cell 
types (Fig. 20B). However, double-labelling of anti-Nkcc1a and anti-Nkaα1c 
revealed that both proteins were co-expressed in the basolateral membranes of the 
same ionocytes, with the exception of a few cells located at the tip of the filaments 
that expressed only Nkcc1a and not Nkaα1c (Fig. 20C).  
4.1.3.8. Immunofluorescent localization of Nkaα1c with Nkcc (T4) in the gills 
of fish after 6 days of seawater exposure 
As labelling with anti-Nkcc1b was unsuccessful, a commercially available anti-
Nkcc1/Ncc antibody (T4) was used to detect if there are any other isoforms of 
Nkcc1 present in the gills of the fish subjected to 6 days of seawater. 
Similar to the staining with anti-Nkcc1a, all the Nkaα1c-labelled ionocytes 
(green) co-labelled with anti-Nkcc1/Ncc (red), resulting in a yellow-orange colour 
in the basolateral membranes of cells located throughout the secondary lamellae 
of the gills of fish acclimated to seawater (Fig. 21). This strongly implies that only 




Fig. 20. Immunofluorescent localization of Na+:K+:2Cl- cotransporter 1a 
(Nkcc1a) and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Nkcc1a and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to seawater (SW; salinity 
30), following a progressive increase in salinity, using anti-Nkcc1a and anti-
Nkaα1b antibodies, or (C) after 6 d of exposure to SW, following a progressive 
increase in salinity, using anti-Nkcc1a and anti-Nkaα1c antibodies. 
Immunofluorescence of anti-Nkcc1a (green) and anti-Nkaα1b or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 
for orientation in (iv). Co-localization of staining from the green and red channels 
resulted in a yellow-orange colouration. Arrows in (A) (iv) indicate the cells that 
were labelled with only Nkaα1a while those in (C) (iv) indicate cells labelled with 







Fig. 21. Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Na+:K+:2Cl- cotransporter 1 (Nkcc1) in the gills of Anabas testudineus. Double 
immunofluorescence was performed on the gills of A. testudineus after 6 days (d) 
of exposure to seawater (SW; salinity 30) following a progressive increase in 
salinity, using anti-Nkaα1c with anti-Nkcc1/Ncc (T4) antibodies. 
Immunofluorescence of anti-Nkaα1c (green) and anti-Nkcc1/Ncc (red) antibodies 
are shown in (i) and (ii), respectively. Both channels (green and red) are merged 
in (iii) and overlaid with differential interference contrast (DIC) image for 
orientation in (iv). Co-localization of staining from the green and red channels 




4.1.3.9. Immunofluorescent localization of Nkaα1c with Cftr in the gills of 
fish after 6 days of seawater exposure 
Apical staining of Cftr was detected within the Nkaα1c-labelled ionocytes in the 
gills of fish after 6 days of seawater exposure (Fig. 22). 
4.1.3.10. Immunofluorescent localization of Rhag with Nkaα1a, Nkaα1b or 
Nkaα1c in the gills of freshwater (control) fish and after 6 days of seawater 
exposure 
Some Rhag was observed to co-localize to the apical membranes of some 
Nkaα1a-labelled ionocytes along the secondary lamellae of the freshwater fish, 
while there were other cells that expressed only Rhag or Nkaα1a (Fig. 23A). 
Similar observations were obtained for the gills of the seawater-exposed fish, in 
which some Rhag was localized to the apical membranes of Nkaα1b- or Nkaα1c-
labelled ionocytes, with some cells expressing only either Rhag, Nkaα1b or 
Nkaα1c (Figs. 23B and C). 
4.1.3.11. Immunofluorescent localization of Rhbg with Nkaα1a, Nkaα1b or 
Nkaα1c in the gills of freshwater (control) fish and after 6 days of seawater 
exposure 
None of the Nkaα-labelled ionocytes co-localized with Rhbg, and the latter 
appears to be staining some membranous structures throughout the secondary 




Fig. 22. Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
cystic fibrosis transmembrane conductance regulator (Cftr) in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus after 6 days (d) of exposure to seawater (SW; salinity 30) following a 
progressive increase in salinity, using anti-Nkaα1c with anti-Cftr (clone #T24-1) 
antibodies. Immunofluorescence of anti-Nkaα1c (green) and anti-Cftr (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 




Fig. 23. Immunofluorescent localization of rhesus blood group-associated 
glycoprotein (Rhag) and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c 
in the gills of Anabas testudineus. Double immunofluorescence was performed 
on the gills of A. testudineus kept in (A) fresh water (FW; control) using anti-
Rhag and anti-Nkaα1a antibodies, or (B) after 6 days (d) of exposure to seawater 
(SW; salinity 30), following a progressive increase in salinity, using anti-Rhag 
and anti-Nkaα1b antibodies, or (C) after 6 d of exposure to SW, following a 
progressive increase in salinity, using anti-Rhag and anti-Nkaα1c antibodies. 
Immunofluorescence of anti-Rhag (green) and anti-Nkaα1b or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 
for orientation in (iv). Arrows indicate the apical localization of anti-Rhag. 






Fig. 24. Immunofluorescent localization of rhesus family B glycoprotein 
(Rhbg) and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Rhbg and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to seawater (SW; salinity 
30), following a progressive increase in salinity, using anti-Rhbg and anti-Nkaα1b 
antibodies, or (C) after 6 d of exposure to SW, following a progressive increase in 
salinity, using anti-Rhbg and anti-Nkaα1c antibodies.  Immunofluorescence of 
anti-Rhbg (green) and anti-Nkaα1b or anti-Nkaα1c (red) antibodies are shown in 
(i) and (ii), respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for orientation in (iv). 








4.1.3.12. Immunofluorescent localization of Rhcg1 with Nkaα1a, Nkaα1b or 
Nkaα1c in the gills of freshwater (control) fish and after 6 days of seawater 
exposure 
Rhcg1-labelling was detected throughout the secondary lamellae of the gills of the 
control fish but none were co-expressed with the Nkaα1a-labelled ionocytes (Fig. 
25A). However, Rhcg1 was observed to co-express within the apical membranes 
of the Nkaα1b-labelled ionocytes (Fig. 25B), while no co-localization was 
detected for both Rhcg1 and Nkaα1c (Fig. 25C) in the gills of fish exposed to 
seawater. 
4.1.3.13. Immunofluorescent localization of Rhcg2 with Nkaα1a, Nkaα1b or 
Nkaα1c in the gills of freshwater (control) fish and after 6 days of seawater 
exposure 
For the freshwater fish, co-labelling of anti-Rhcg2 (green) with anti-Nkaα1a (red) 
produced a yellow-orange colour, revealing that both proteins were co-expressed 
within the basolateral membranes of the secondary lamellae (Fig. 26A). In 
comparison, Rhcg2 was found to be present in a different cell type from Nkaα1b 
(Fig. 26B). By contrast, double-labelling of anti-Rhcg2 and anti-Nkaα1c revealed 
that both proteins were co-expressed in the basolateral membranes of the same 
ionocytes, with the exception of a few cells that expressed only Rhcg2 and not 




Fig. 25. Immunofluorescent localization of rhesus family C glycoprotein 1 
(Rhcg1) and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Rhcg1 and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to seawater (SW; salinity 
30), following a progressive increase in salinity, using anti-Rhcg1 and anti-
Nkaα1b antibodies, or (C) after 6 d of exposure to SW, following a progressive 
increase in salinity, using anti-Rhcg1 and anti-Nkaα1c antibodies.  
Immunofluorescence of anti-Rhcg1 (green) and anti-Nkaα1b or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 
for orientation in (iv). Arrows in (B) (iv) indicate the apical staining of Rhcg1. 







Fig. 26. Immunofluorescent localization of rhesus family C glycoprotein 2 
(Rhcg2) and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Rhcg2 and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to seawater (SW; salinity 
30), following a progressive increase in salinity, using anti-Rhcg2 and anti-
Nkaα1b antibodies, or (C) after 6 d of exposure to SW, following a progressive 
increase in salinity, using anti-Rhcg2 and anti-Nkaα1c antibodies.  
Immunofluorescence of anti-Rhcg2 (green) and anti-Nkaα1b or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 
for orientation in (iv). Co-localization of staining from the green and red channels 
resulted in a yellow-orange colouration. The arrow in (C) (iv) indicates the cell 






4.1.3.14. Immunofluorescent localization of Nhe3 with Nkaα1a, Nkaα1b or 
Nkaα1c in the gills of freshwater (control) fish and after 6 days of seawater 
exposure 
Nhe3 was weakly expressed in the Nkaα1a-labelled ionocytes within the gills of 
the freshwater fish (Fig. 27A). As the intensity of Nhe3 (green) was lower than 
that of Nkaα1a (red), co-localization of both proteins produced a red-orange 
colour. Interestingly, results from this study revealed for the first time the 
differential localization of Nhe3 within the Nkaα1b- or Nkaα1c-labelled ionocytes. 
Nhe3 was detected in the apical membranes of Nkaα1b (Fig. 27B) while Nhe3 
was localized to the basolateral membranes of Nkaα1c (Fig. 27C) in the gills of 
fish exposed to seawater. Taken together, this can imply that the cells labelled 
with only Nhe3 in both instances could belong to the other cell type.  
4.1.3.15. Immunofluorescent localization of Aqp1aa with Nkaα1a, Nkaα1b or 
Nkaα1c in the gills of freshwater (control) fish and after 6 days of seawater 
exposure 
With the exception of some cells expressing either Aqp1aa or Nkaα1a, some 
Aqp1aa was localized to the apical membranes of the Nkaα1a-labelled ionocytes 
in the gills of the freshwater fish (Fig. 28A). However, there was a decrease in the 
number of Aqp1aa-labelled cells in the gills of fish exposed to 6 days of seawater, 




Fig. 27. Immunofluorescent localization of sodium/hydrogen exchanger 3 
(Nhe3) and Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Nhe3 and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to seawater (SW; salinity 
30), following a progressive increase in salinity, using anti-Nhe3 and anti-Nkaα1b 
antibodies, or (C) after 6 d of exposure to SW, following a progressive increase in 
salinity, using anti-Nhe3 and anti-Nkaα1c antibodies. Immunofluorescence of 
anti-Nhe3 (green) and anti-Nkaα1b or anti-Nkaα1c (red) antibodies are shown in 
(i) and (ii), respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for orientation in (iv). 
Co-localization of staining from the green and red channels resulted in either a 
red-orange or yellow-orange colouration. Arrows in (B) (iv) indicate apical 






Fig. 28. Immunofluorescent localization of aquaporin 1aa (Aqp1aa) and 
Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b or Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Aqp1aa and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to seawater (SW; salinity 
30), following a progressive increase in salinity, using anti-Aqp1aa and anti-
Nkaα1b antibodies, or (C) after 6 d of exposure to SW, following a progressive 
increase in salinity, using anti-Aqp1aa and anti-Nkaα1c antibodies. 
Immunofluorescence of anti-Aqp1aa (green) and anti-Nkaα1b or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 
for orientation in (iv). Arrows in (A) (iv) indicate the apical localization of 







4.1.3.16. Immunofluorescent localization of Aqp1ab with Nkaα1a, Nkaα1b or 
Nkaα1c in the gills of freshwater fish and after 6 days of seawater exposure 
In the gills of the freshwater fish, double-labelling of Aqp1ab (green) with 
Nkaα1a (red) resulted in a red-orange colour due to the low expression of Aqp1ab 
within the basolateral membranes of the ionocytes (Fig. 29A). Aqp1ab, on the 
other hand, was localized to the apical membranes of some Nkaα1b-labelled 
ionocytes in the gills of the seawater-exposed fish (Fig. 29B). There were 
however some cells that were only stained with either Aqp1ab or Nkaα1b. In 
comparison, Aqp1ab was detected in the basolateral membranes of the Nkaα1c-
labelled ionocytes, with some cells expressing either Aqp1ab or Nkaα1c (Fig. 
29C). 
4.1.3.17. Immunofluorescent localization of Aqp7 with Nkaα1a, Nkaα1b or 
Nkaα1c in the gills of freshwater fish and after 6 days of seawater exposure 
Aqp7 was weakly expressed in the Nkaα1a-labelled ionocytes within the gills of 
the freshwater fish (Fig. 30A). As the intensity of Aqp7 (green) was lower than 
that of Nkaα1a (red), co-localization of both proteins produced a red-orange 
colour. Double-labelling of Aqp7 with either Nkaα1b or Nkaα1c in the gills of the 
seawater-exposed fish revealed for the first time its differential localization. With 
the exception of some cells that were labelled with only Aqp7, the latter was 
expressed on the apical membranes of some Nkaα1b-labelled ionocytes (Fig. 30B). 
On the other hand, Aqp7 was localized to the basolateral membranes of Nkaα1c-




Fig. 29. Immunofluorescent localization of aquaporin 1ab (Aqp1ab) and 
Na+/K+-ATPase α1a (Nkaα1a), Nkaα1b and Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Aqp1ab and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to seawater (SW; salinity 
30), following a progressive increase in salinity, using anti-Aqp1ab and anti-
Nkaα1b antibodies, or (C) after 6 d of exposure to SW, following a progressive 
increase in salinity, using anti-Aqp1ab and anti-Nkaα1c antibodies. 
Immunofluorescence of anti-Aqp1ab (green) and anti-Nkaα1b or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 
for orientation in (iv). Co-localization of staining from the green and red channels 
resulted in a red-orange colouration. Arrows in (B) (iv) indicate the apical 
localization of Aqp1ab while those in (C) (iv) indicate the basolateral localization 
of Aqp1ab. Magnification: 400×. 
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Fig. 30. Immunofluorescent localization of aquaporin 7 (Aqp7) and Na+/K+-
ATPase α1a (Nkaα1a), Nkaα1b and Nkaα1c in the gills of Anabas testudineus. 
Double immunofluorescence was performed on the gills of A. testudineus kept in 
(A) fresh water (FW; control) using anti-Aqp7 and anti-Nkaα1a antibodies, or (B) 
after 6 days (d) of exposure to seawater (SW; salinity 30), following a progressive 
increase in salinity, using anti-Aqp7 and anti-Nkaα1b antibodies, or (C) after 6 d 
of exposure to SW, following a progressive increase in salinity, using anti-Aqp7 
and anti-Nkaα1c antibodies. Immunofluorescence of anti-Aqp7 (green) and anti-
Nkaα1b or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), respectively. 
Both channels (green and red) are merged in (iii) and overlaid with differential 
interference contrast (DIC) image for orientation in (iv). Co-localization of 
staining from the green and red channels resulted in a red-orange colouration. 
Arrows in (B) (iv) indicate the apical localization of Aqp7 while those in (C) (iv) 









4.2.1. Differential gene expression within the gills of fish after seawater 
exposure 
Euryhaline teleosts have evolved sophisticated ionoregulatory and osmoregulatory 
mechanisms to counter the effects of salinity and osmotic stress (see Evans et al., 
2005; Hwang and Lee, 2007; Hwang et al., 2011; for reviews). This helps to 
maintain their internal homeostasis, which is necessary for the normal operation 
of most physiological processes. As the branchial epithelia of teleosts are in direct 
contact with their external medium, they play a crucial role in various 
physiological processes in response to environmental and internal changes (Evans 
et al., 2005).  
This study is a pioneer attempt in employing NGS technology to perform 
differential transcriptome analysis of the gills of A. testudineus after 6 days of 
seawater exposure in comparison with those of freshwater control. Results 
obtained demonstrated for the first time in the gills of A. testudineus, the 
differential expression of genes associated with the salinity adaptation response as 
well as the various gene categories involved in fish gill iono- and osmoregulation, 
energy production and metabolism, salinity-induced apoptosis, cellular 
proliferation, cellular development and cell morphology.  
4.2.1.1. Changes in genes related to iono- and osmoregulation – Na+ and Cl- 
extrusion 
The expression levels of several genes related to Na+ and Cl- transport, such as 
nkaα1c, nkcc1a and cftr, were up-regulated in the gills of A. testudineus after 
seawater exposure. Furthermore, these genes displayed very high average 
coverage and total gene reads in the gills of the seawater-exposed A. testudineus. 
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The findings from this study are in agreement with the current model for NaCl 
extrusion in marine teleosts. It has been proposed that both Na+ and Cl- are 
transported across the basolateral membrane of branchial ionocytes through 
Nkcc1, down the electrochemical gradient provided by Nka (see Evans et al., 
2005; Hwang and Lee, 2007; Hwang et al., 2011; Hiroi and McCormick, 2012; 
for reviews). This is coupled with the apical exit of Cl- via Cftr which generates a 
positive transepithelial electrical potential for the paracellular extrusion of Na+. 
Recent reports from the author’s laboratory have demonstrated that the 
active extrusion of Na+ and Cl- through the gills of A. testudineus during seawater 
exposure involved Nkcc1a, Cftr and specific isoforms of Nkaα (Loong et al., 2011; 
Ip et al., 2012a; Ip et al., 2012b). Loong et al. (2011) reported that the mRNA 
expression and protein abundance of nkcc1a/Nkcc1a increased significantly in the 
gills of A. testudineus after 6 days of exposure to seawater. Similarly, Ip et al. 
(2012b) reported a significant increase in the mRNA expression of cftr in the gills 
of A. testudineus after 6 days of exposure to seawater. More importantly, Ip et al. 
(2012a) identified three nka α-subunit isoforms, nkaα1a, nkaα1b and nkaα1c, 
from the gills of A. testudineus. The mRNA expression and protein abundance of 
nkaα1a/Nkaα1a are down-regulated in the gills of fish acclimated to seawater, 
indicating that it is a freshwater isoform essential for branchial ion absorption in a 
hypoosmotic environment (Ip et al., 2012a; Ching et al., 2013). In contrast, 
seawater exposure leads to an up-regulation in the mRNA expression of nkaα1b 
and nkaα1c (Ip et al., 2012a) and the protein abundance of Nkaα1b (Ching et al., 
2013), indicating that they are seawater isoforms crucial for ion secretion in a 
hyperosmotic environment. A corresponding increase in overall Nka activity also 
occurs in the gills of the seawater-exposed A. testudineus (Ip et al., 2012a). 
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Taken together, the mRNA expression levels of nkcc1a, cftr and nkaα1c 
obtained in this study, as indicated by the RPKM values, corroborates the findings 
reported elsewhere as described above. Although the RPKM values obtained in 
this study showed an up-regulation in the mRNA expression of nkaα1a in the gills 
of fish exposed to seawater, validation of this gene via qPCR showed otherwise, 
i.e. a significant down-regulation instead, which is in agreement with the findings 
obtained previously (Ip et al., 2012a). Therefore, it can be concluded that the 
mechanisms for the transepithelial movements of Na+ and Cl- from the gills of A. 
testudineus in seawater are similar to marine teleosts. 
4.2.1.2. Changes in genes related to iono- and osmoregulation – transport of 
K+ 
K+ that enters the ionocytes through Nka and Nkcc1, during the secretion of Na+ 
and Cl-, has to be recycled through a K+ channel. Results obtained from the 
differential transcriptomic analysis of A. testudineus gills suggest for the first time 
that kcnj15 could be the ion transporter involved in the transport of K+ during 
seawater exposure.  
In a study carried out by Suzuki et al. (1999), an inward rectifier K+ 
channel was successfully cloned and found to be strongly expressed in the gills of 
the euryhaline Japanese eel exposed to seawater. The results of Suzuki et al. (1999) 
corroborate those obtained later by Tse et al. (2006) which indicated that the 
mRNA expression of the inward rectifier K+ channel was up-regulated together 
with nka, nkcc and cftr, in the ionocytes of eels subjected to seawater. Hence, it 
can be deduced that a similar mechanism of basolateral K+ recycling could exist in 
the gills of A. testudineus during seawater acclimation. Notably, this is the first 
report that Kcnj15 could be working cooperatively with Nkaα, Nkcc1a and Cftr in 
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the branchial ionocytes of the seawater-exposed A. testudineus to maintain 
intracellular K+  homeostasis. 
4.2.1.3. Changes in genes related to iono- and osmoregulation – 
transepithelial Ca2+ transport 
Ca2+ is an essential element for almost all organisms and has a widespread effect 
on the regulatory roles in eukaryotic cells (Liao et al., 2007). Therefore, the 
concentration of Ca2+ in organisms must be maintained within a narrow range 
(cellular free [Ca2+]: 100 nM; plasma total [Ca2+]: 2~3 mM). Fish gills are 
specialized organs for Ca2+ uptake (>97% of the whole body) from the aquatic 
environment to maintain Ca2+ balance (Flik et al., 1995). Furthermore, 
intracellular Ca2+ levels play a crucial role in response to osmotic stress as sensing 
of the external osmotic environment is achieved primarily through an influx of 
Ca2+ and Ca2+ binding (Pasantes-Morales et al., 2006; Fiol and Kültz, 2007).  
In the current model of transcellular Ca2+ transport in mammals, Ca2+ is 
transported across the apical membrane via the apical epithelial Ca2+ channels 
(ECaC, transient receptor potential vanilloid 5, and/or transient receptor potential 
vanilloid 6), while intracellular Ca2+ is bound to calbindins that facilitate its 
diffusion to the basolateral membrane and subsequently extruded via the 
basolateral plasma membrane Ca2+-ATPase (PMCA) and/or SLC8A1 (Hoenderop 
et al., 2005). A similar model has also been proposed for the ionocytes of 
freshwater ﬁsh gills (Flik et al., 1995). The mRNA expression of ecac (which is 
probably equivalent to trpv1, which is a type of calcium entry channel, in A. 
testudineus) in the ionocytes of zebrafish gills increases in fresh water, but there 
are no significant changes in the mRNA expression of various isoforms of both 
pmca2 and slc8a1b (Liao et al., 2007). In a separate study, Verbost et al. (1994) 
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reported that there were no changes in the enzyme activities of ATP2c1 (the 
secretory pathway Ca2+-ATPase) and Slc8a1 (Na+/Ca2+ exchangers) in the gills of 
tilapia adapted to seawater. Assuming that the gills of A. testudineus follow the 
proposed model for Ca2+ transport, the abundant expression of a vanilloid receptor, 
trpv1, in fresh water, could suggest that it has a similar role as ECaC in the apical 
transport of Ca2+, thereby helping the fish to maintain cellular calcium 
homeostasis. 
Interestingly, trpc6 together with atp2c1 and slc8a1 were more abundantly 
expressed in the gills of the seawater-exposed A. testudineus, which is in contrast 
to the expression levels of the Ca2+ transporters observed in the gills of the 
zebrafish and tilapia. Although the concentrations of Ca2+ in the plasma of marine 
fish is lower than that of seawater, the imbibing of seawater by marine teleosts 
would present a divalent ion load to the fish, which have to be excreted via renal 
and branchial mechanisms (Evans et al., 2005). For instance, 89% of the ingested 
Ca2+ in the southern flounder was accounted for in branchial excretion (Hickman, 
1968). In seawater environments, the enzymatic activities of ATP2c1 and Slc8a1 
were found to increase in the gills of the rainbow trout, probably to induce an 
adjustment to the enzymic machinery of the ionocytes (Flick et al., 1997). Hence, 
it can be inferred that similar to the trout, the increased mRNA expression of 
atp2c1 and slc8a1, together with trpc6, could translate into an enhanced  Ca2+-
transporting capacity, with the various Ca2+ transporters working in concert to 
maintain Ca2+ balance within the branchial epithelium of A. testudineus exposed 
to seawater. However, due to the limited molecular and physiological evidence 
available currently to support the model of Ca2+ uptake in fish gills during 
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seawater exposure, the exact functions and involvement of atp2c1 and slc8a1 in 
fish gills remains elusive. 
4.2.1.4. Changes in genes related to acid-base regulation 
Further analyses of the transcriptomic data revealed that nhe, nbc1 and ae1 are 
some examples of important transporters that could work in concert with Nka, 
Nkcc1 and Cftr in regulating ion transport between the gills and its external 
environment. Interestingly, both nhe1 and nhe3 were found to be present in 
abundance and over-expressed in the gills of A. testudineus acclimated to seawater, 
and they were functionally annotated to be involved in the transport of Na+, H+ 
and the reabsorption of water. As such, they may be important in helping the fish 
to maintain acid-base balance and regulate cell volume during seawater exposure. 
Nhe is a key transporter present in one of the recently proposed ion-uptake 
models within the ionocytes of fish gills (see Hwang et al., 2011; Dymowska et al., 
2012; Kumai and Perry, 2012 for reviews). Members of the Nhe family are 
believed to play a critical role in transepithelial ion transport through a 
combination of the inwardly directed Na+ gradient and the outwardly directed H+ 
gradient (Paillard, 1997). In addition, the electroneutral exchange of these ions 
may also help to regulate cell volume and maintain intracellular pH homeostasis 
(Paillard, 1997) through the excretion of metabolic acids in seawater ionocytes 
(Claiborne et al., 2002). Unlike acid-base regulation in a freshwater environment, 
the uptake of Na+ in exchange for the excretion of H+ would aggravate the ionic 
load that a fish in seawater will encounter. However, the resulting influx of Na+ 
may account for only a small portion of the total intracellular concentration of Na+ 
and thus, may be ‘worth’ the additional energetic costs to maintain acid-base 
balance (Evans, 1984). Another study also proposed that the thermodynamic 
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considerations in an environment of high Na+ concentrations would favour Na+/H+ 
exchange (Potts, 1994). Furthermore, earlier models have predicted that the 
basolateral Nka can help create a low intracellular concentration of Na+ to drive 
apical Na+/H+ exchange (Choe et al., 2002). Hence, the increased branchial 
mRNA expression of nhe1 and nhe3 in A. testudineus could be important for acid-
base regulation during seawater exposure. 
Proton excretion at the apical membrane of ionocytes must complement 
HCO3
- efflux across the basolateral membrane for net systemic acid excretion to 
occur (Evans et al., 2005). The up-regulation in the mRNA expression of nbc1 in 
the gills of A. testudineus after exposure to seawater for 6 days could thus, suggest 
that it has a proposed role in mediating the coupled movement of Na+ and HCO3
- 
across the basolateral membrane of ionocytes. NBC1 has been shown to facilitate 
Na+ and HCO3
- efflux across the basolateral membrane of mammalian proximal 
tubules in a 1:3 ratio (Romero and Boron, 1999; Soleimani and Burnhan, 2001) 
and a similar function has been hypothesized to be present in fish gills (Hirata et 
al., 2003; Perry et al., 2003). Most findings available currently are based on 
transepithelial Na+ uptake in freshwater fish gill and studies on the function of 
Nbc1 in the gills of marine teleosts or seawater-acclimated fish are limited. Nbc1 
has been reported in the gills of the rainbow trout (Perry et al., 2003) and 
Osorezan dace (Hirata et al., 2003), where it could be involved in intracellular pH 
regulation. The mRNA expression of dace nbc1 increased during exposure to 
acidic waters and its homolog is localized to the basolateral membrane of 
ionocytes that have apical Nhe3 and basolateral Nka (Hirata et al., 2003). Nbc1 is 
specifically located in tilapia type-II ionocytes (Furukawa et al., 2011) and 
zebrafish Ncc ionocytes (Lee et al., 2011), and could be responsible for the 
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basolateral exit of Na+ in these cells. Hence, it is logical to conclude that the 
mRNA expression of nbc1 is strongly induced in the gills of seawater-exposed A. 
testudineus, which may lead to an increase in Nbc1 protein abundance, to aid the 
cytosolic extrusion of HCO3
-. This will provide a favourable intracellular pH 
gradient for epithelial proton transport, thereby maintaining a constant 
intracellular pH in the process. The Na+ that is co-transported as a result may then 
exit back to the environment via the paracellular route, helping the fish to 
maintain an internal ionic balance during seawater exposure. 
The AE protein family contributes to pH regulation, CO2 metabolism, 
maintenance of intracellular levels of HCO3
- and Cl- and cell volume regulation 
by mediating the electroneutral exchange of HCO3
- for Cl- (Romero et al., 2004; 
Alper et al., 2006). In mammals, AE1 is a basolateral transporter in the A-type 
intercalated cells (Alper, 2009). Within this protein family, the most common 
form in teleosts is Ae1 (Hirose et al., 2003) and an increased protein abundance of 
Ae1 has been detected in the gills of the pufferfish (Tang and Lee, 2007a), tilapia 
(Wilson et al., 2000) and the coho salmon (Wilson et al., 2002) in fresh water. 
Thus far, this is a first report on an increase in the mRNA expression of ae1 in the 
gills of a seawater-acclimated fish and there is currently very little information on 
the localization of Ae1 in the ionocytes of fish gills. In the pufferfish, Ae1 is 
localized to the basolateral membranes of the ionocytes (Tang and Lee, 2007b). 
Similarly, Ae1b is present on the basolateral membranes of the zebrafish H+-
ATPase-rich cells to mediate the cytosolic extrusion of HCO3
- to achieve 
epithelial acid secretion (Hwang, 2009; Hwang and Perry, 2010). Therefore, the 
abundance of ae1 transcripts in the gills of A. testudineus exposed to seawater 
could facilitate the provision of a favourable intracellular pH gradient for the 
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operation of apical Nhe. The Cl- that enters the ionocyte as a result will 
subsequently be removed by Cftr to the external medium, thereby maintaining 
ionic homeostasis when the fish is in a seawater environment. 
4.2.1.5. Changes in genes related to ammonia transport 
It has been established earlier that salinity adaptation will lead to an increase in 
ammonia production and excretion within the gills of A. testudineus (Chang et al., 
2007a). Results obtained from this earlier study showed a significant increase in 
the ammonia excretion rate after 7 days of acclimation to seawater. This could be 
a consequence of increased protein degradation and catabolism of free amino 
acids to cater for the energy demands of increased synthesis of certain branchial 
proteins and increased ionic transport during ionoregulation.  
Ammonia excretion in fish is achieved largely by gills (see Wilkie, 2002; 
Wright and Wood, 2009; Weihrauch et al., 2009; Ip and Chew, 2010; Chew and 
Ip, 2014 for reviews). In ammonotelic fishes, ammonia is excreted mainly as NH3 
down a favourable blood-to-water diffusion gradient across the gills (Evans et al., 
2005) and Rh glycoproteins (Rhag, Rhbg and Rhcg) are vital ammonia conduits in 
ammonotelic fish (Hung et al., 2007; Nakada et al., 2007a; Nakada et al., 2007b; 
Nawata et al., 2007; Hung et al., 2008; Braun et al., 2009a; Braun et al., 2009b; 
Nawata et al., 2010). Since Rhcg1 belongs to the superfamily of ammonia 
transporters and its mRNA was highly expressed within the gills of A. testudineus 
acclimated to seawater, it is highly likely to play an important role in transporting 
ammonia from the gills of A. testudineus if Rhcg1 is indeed expressed on the 
apical membranes of ionocytes (Nakada et al., 2007a; Nakada et al., 2007b; 




4.2.1.6. Changes in genes related to energy metabolism  
Many ion transporters and channels involved in ionic, osmotic and acid-base 
regulation require energy to operate (see Hwang and Lee, 2007; Tseng and 
Hwang, 2008; Hwang et al., 2011 for reviews). Adapting to challenging aquatic 
environments with diverse salinities necessitates the timely and sufficient 
activation of the required ion transporters and channels (Evans et al., 2005), and 
this requires prompt and extra energy supplies (Boeuf and Payan, 2001). Boeuf 
and Payan (2001) summarized from several studies that the estimated energetic 
cost of osmoregulation ranged from 10% to >50% of the total energy budget, 
depending on the species and salinity of the external environment. With high 
mitochondrial densities and ATPase activities, ionocytes are highly likely to be 
the major sites of energy consumption in fish gills (Perry and Walsh, 1989; 
Kaneko et al., 2008; Sardella et al., 2008). 
At present, there is a dearth of knowledge on energy metabolism in the 
gills of A. testudineus during seawater adaptation, especially concerning the 
enzymes, substrates or transporters involved in supplying energy for various 
metabolic processes. One important finding from this study is the up-regulation of 
many genes, related to energy production, metabolism of carbohydrates and lipids 
as well as some genes associated with amino acid metabolism, in the gills of the 
seawater-exposed A. testudineus. 
4.2.1.6.1. Carbohydrate metabolism  
Carbohydrate metabolism has been well-studied for its major role in metabolic 
reorganization needed to meet the increased energy demands associated with 
seawater adaptation. The acclimation of gilthead seabream from salinity 38 to 
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salinity 55 for 14 days leads to an enhancement of the mobilization of glycosyl 
units from glycogen stores (Sangiao-Alvarellos et al., 2005), as reflected by the 
liver having a higher capacity to export glucose and the gills having increased 
usage of exogenous glucose. A subsequent study has revealed that the plasma 
glucose and lactate concentrations and the branchial hexokinase activities are 
increased if fish is exposed to high salinity for 14 days (Polakof et al., 2006). 
Similarly, in a separate study on a marine euryhaline teleost, the Senegalese sole, 
exposure to extreme salinity (salinity 55) for 14 days resulted in an increase in the 
plasma glucose levels (Arjona et al., 2007). In order to sustain the energy required 
for ion transport during seawater exposure, there will be a need for an increased 
glycolytic capacity to produce high energy compounds, such as ATP and NADH. 
Hence, it is logical to infer, from the up-regulation of several glycolytic genes 
(pfkp, pgk1, pfkl, gapdh and hk1), that the glycolytic pathway could be utilized by 
the gills of A. testudineus to meet the energy demands of ion transport during 
seawater acclimation. In addition, genes encoding enzymes involved in 
gluconeogenesis (gapdh, pc and pgk1) were expressed more abundantly in the 
gills of A. testudineus exposed to seawater for 6 days, thereby ensuring a constant 
supply of glucose for the fish to utilize as metabolic fuels during iono- and 
osmoregulation. 
Tseng et al. (2007) identified a novel glycogen phosphorylase isoform in 
the tilapia gills (tGpgg). It was found to be specifically expressed in glycogen-rich 
(GR) cells, which are adjacent to ionocytes in the gills of tilapia. Glycogen 
synthase, the rate-limiting enzyme in glycogen synthesis (Garcia-Rocha et al., 
2001), is also co-expressed with glycogen phosphorylase in tilapia gill GR cells 
(Chang et al., 2007b). Salinity-dependent increases in the mRNA and protein 
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expression as well as the activities of both enzymes were observed (Tseng et al., 
2007; Chang et al., 2007b), signifying that the regulation of glycogenesis and 
glycogenolysis in branchial GR cells may provide energy to the neighbouring 
ionocytes to carry out ion transport during iono- and osmoregulation (Tseng et al., 
2007). Notably, genes involved in glycogen metabolism (gys2 and pygm) were 
identified for the first time within the gills of A. testudineus and were up-regulated 
after 6 days of seawater exposure, suggesting that the activation of these genes 
could be crucial in supplying the energy required in the transport processes 
needed for iono- and osmoregulation.  
Transport of glucose across plasma membrane occurs via the facilitative 
Na+-independent sugar transporters (GLUT). One of the isoforms of the glucose 
transporter, glut4, is expressed abundantly in the gills of A. testudineus and its 
mRNA expression is enhanced after exposure to seawater for 6 days. The 
proposed model of metabolite transport and energy translocation between 
ionocytes and GR cells has been reported by recent molecular physiological 
studies on zebrafish Glut (Tseng et al., 2009; Tseng et al., 2011). zGlut-1a and  
zGlut-13.1 are co-expressed in the ionocytes while zGlut-6 is expressed by GR 
cells (Tseng et al., 2009). Functional analysis of overexpressed transporters in 
Xenopus oocytes demonstrated that these zGluts can transport glucose and supply 
energy to ionocytes, though with different transport kinetics (Tseng et al., 2011). 
Therefore, the up-regulation of glut4 in the gills of the seawater-exposed A. 
testudineus could indicate its importance in ensuring effective glucose transport 




4.2.1.6.2. Amino acid metabolism  
Mobilization of protein metabolites, such as amino acids, within the entire body of 
fish appears to be critical for osmoregulation (Tseng and Hwang, 2008). Taurine 
and glycine are some examples of amino acids that are mobilized to act as 
osmoregulatory intracellular solutes, or “compatible solutes” in marine fish 
(Fugelli et al., 1995; Fiess et al., 2007; Bystriansky et al., 2007). Intracellular 
homeostasis in fish in response to hyperosmotic stress may be achieved by taurine, 
which is an osmolyte in fish (Tseng and Hwang, 2008). However, its overall 
mechanism and regulation are still unclear and requires further investigation. 
Besides the oxidation of amino acids for ATP production, amino acids can also be 
used to synthesize macromolecules, like proteins and membranes, in the gills and 
other osmoregulatory organs during seawater exposure (Tseng and Hwang, 2008). 
After 6 days of acclimation to seawater, A. testudineus shows extraordinarily large 
accumulations of both aspartate and alanine in muscles (Chang et al., 2007a). 
Seawater acclimation also leads to an increase in ammonia excretion, indicating 
that amino acid catabolism is increased to increase ATP production to meet the 
greater energy demands of osmoregulation in seawater. Bystriansky et al. (2007) 
examined the gills of the Arctic char and found an increase in aspartate 
aminotransferase activity following a change in salinity, and this could indicate an 
enhanced ability to utilize aspartate. 
Indeed, increases in mRNA expression of gs and bhmt were observed in 
the gills of A. testudineus following 6 days of exposure to seawater. Gs is 
involved in the catalytic reaction for glutamine production from glutamate, ATP 
and ammonia. The glutamine produced may also play a role in ammonia 
detoxification as the ammonia produced as a result of seawater adaptation (see 
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section 4.2.1.5) will be removed in the process and converted to non-toxic 
glutamine. Bhmt catalyzes the transfer of a methyl group from betaine to 
homocysteine, thereby producing dimethylglycine and methionine. These amino 
acids produced from catabolic reactions could be used as energy sources for 
osmoregulation. 
The transport of amino acids, which are important organic osmolytes, in 
fish is still an enigma. A taurine transporter has been successfully identified and 
cloned from tilapia, and its mRNA expression levels in the gills, intestine and 
kidneys increase significantly after 12 h of exposure to 70% artificial seawater 
(Takeuchi et al., 2000). Similar results have also been reported for the Atlantic 
salmon during salinity challenges (Zarate and Terence, 2007). Other amino acid 
transporters belonging to the SLC6 and SLC7 protein families are known to be 
involved in amino acid transport in mammals (Kleta et al., 2004; Ramadan et al., 
2006; Fukuhara et al., 2007). However, its involvement in amino acid transport in 
fish is not well-studied at present. Results from this study indicate for the first 
time that the mRNA expression of slc6a6 (a taurine transporter) and slc7a7 were 
up-regulated in the gills of A. testudineus exposed to seawater, which might help 
to expedite the transport of specific amino acids to provide additional osmolytes 
or energy to the osmotically stressed fish.  
4.2.1.6.3. Lipid metabolism  
Lipids also serve as important and rich energy sources. Since lipid reserves can be 
mobilized as oxidative fuels to maintain energy homeostasis, metabolism of lipids 
can act as a compensatory adaptation mechanism in euryhaline fish to carry out 
iono- and osmoregulation (Tseng and Hwang, 2008). Therefore, the increase in 
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the expression of genes related to lipid metabolism (acaa2 and acss3) in the gills 
of seawater-exposed A. testudineus indicates that lipid could be important for 
energy production during periods of food deprivation, or when carbohydrate 
metabolism alone is insufficient to provide the energy needed to support iono- and 
osmoregulation. However, the exact mechanism of these enzymes in regulating 
lipid metabolism in fish gills is unknown at present. 
Similar to glucose, lipid metabolites have to be transported efficiently to 
ionocytes. However, unlike the transport of glucose, there is still a dearth of 
knowledge concerning the transport of fatty acids in fish. It has been shown 
previously that a fraction of long-chain fatty acids can enter the epithelial cells of 
small intestinal villi through fatty acid transporter proteins (Hirsch et al., 1998; 
Stahl et al., 2001; Stahl, 2004). Indeed, up-regulation in the mRNA expression 
levels of slc27a1 and slc27a6 were detected in the gills of the seawater-exposed A. 
testudineus, which would most probably be essential for the enhancement of 
energy supply from lipids to ionocytes. 
Other than the above-mentioned fatty acid transporter proteins, an isoform 
of ppar, pparα, was also highly expressed in the gills of A. testudineus acclimated 
to seawater and was functionally annotated to be associated with the uptake of 
fatty acids. PPAR belong to the family of nuclear receptors and are present as 3 
different subtypes (PPARα, PPARβ and PPARγ). In mammals, PPARα is usually 
metabolized in tissues that catabolize fatty acids and regulates the transcription of 
a number of genes involved in lipid catabolism (Ibabe et al., 2002). Activation of 
PPARα can occur as a result of intake of dietary fatty acids, and treatment with 
peroxisome proliferators or various environmental stressors such as cold shock 
and food restriction (Lee et al. 1995; Ren et al. 1997; Guardiola-Diaz et al. 1999; 
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Kersten et al. 1999; Peters et al. 2000). Therefore, the increase in the expression 
of pparα in the gills of A. testudineus could serve as a necessary preparatory 
measure to cater for the uptake of fatty acids needed for ion transport during 
salinity stress. 
4.2.1.7. Changes in genes related to apoptosis 
Apoptosis is a naturally occurring physiological process of programmed cell death 
during the normal developmental and tissue differentiation processes (Jones, 2001) 
and is regulated by a diverse range of cellular signaling pathways (Edinger and 
Thompson, 2004). There are two main apoptotic pathways: (1) the extrinsic/death 
receptor pathway and (2) the intrinsic/mitochondrial pathway, which are 
orchestrated by a group of evolutionarily conserved family of intracellular 
cysteinyl asparate-specific proteases, known as caspases (see Elmore, 2007 for a 
review).  The extrinsic and intrinsic pathways will subsequently end at the 
executioner phase, which is the final phase of apoptosis.  
An examination of the genes within the functional category of apoptosis 
revealed that most of the apoptosis-related genes were down-regulated in the gills 
of the seawater-exposed A. testudineus. Two pro-apoptotic genes, casp6 and 
card9, were found to be abundant in the gills of A. testudineus in fresh water. 
casp6 belongs to the group of effector caspases which act downstream of the 
initiator caspases (Wolf and Green, 1999) and an increase in the expression of 
casp6 was observed in the gills of the rainbow trout under conditions known to 
induce apoptosis (Laing et al., 2001). Card9, on the other hand, belongs to one of 
the members of protein modules that play important roles in apoptosis, nuclear 
factor-κB activation and cytokine regulation by protein-protein interaction 
(Razmara et al., 2000). The expression of card9 is up-regulated by cortisol, which 
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is a hormone involved in seawater adaptation, and can induce apoptosis (Weyts et 
al., 1997; Weyts et al., 1998). Hence, card9 can apparently function as one of the 
apoptosis regulators in teleosts (Kono et al., 2003).  It has been reported 
previously that an extensive apoptosis occurs in the gills of A. testudineus when 
exposed to salinity 25 during a progressive increase in salinity towards seawater, 
as evident by the increased TUNEL positive staining and caspase activities (Ching 
et al., 2013). The freshwater-type ionocytes in the gills of A, testudineus are 
apparently removed through increased apoptosis and subsequently replaced with 
seawater-type ionocytes. As the time-course of increased apoptosis in the gills of 
the salinity stressed fish would have occurred before seawater exposure (during 
the acclimation phase), it is logical for the mRNA expression of casp6 and card9, 
to decrease significantly after 6 days of exposure to seawater as apoptosis would 
have largely been completed by then. 
4.2.1.8. Changes in genes related to cell proliferation, differentiation, 
maturation and morphology 
Cell proliferation is usually required to replace cells that are lost due to injury or 
cell death (Cooper, 2000). In teleosts, cell proliferation and renewal is needed to 
increase the number of ionocytes to cater for enhanced ionoregulatory 
mechanisms after long-term acclimation to a changed environment (Evans et al., 
2005; Hwang and Lee, 2007).  However, the process of cell proliferation has to be 
carefully balanced with the occurrence of cell death to maintain a constant number 
of cells in the animal’s tissue or organ. Majority of the genes related to cell 
proliferation, differentiation, maturation and morphology were down-regulated 
after 6 days of exposure to seawater, implying that the time-course for any 
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removal or replacement of ionocytes could have mostly occurred before the sixth 
day of seawater exposure (see section 4.2.1.7). 
4.2.1.8.1 Jak/Stat signaling 
Isoforms of stat and jak were among some of the genes, with functions in cell 
proliferation, development and morphology, which were down-regulated in the 
gills of A. testudineus acclimated to seawater. STAT proteins are second 
messengers in the JAK/STAT pathway (Domańska and Brzeziańska, 2012) and 
are activated via phosphorylation by JAK, in response to the binding of several 
extracellular proteins, such as cytokines, growth factors, hormones and membrane 
receptors. JAK/STAT signalling has been documented to participate in cellular 
proliferation, differentiation, cell survival, apoptosis and angiogenesis (Levy et al., 
2002; Kisseleva et al., 2002). Another gene crucial in cell proliferation is pcna. 
PCNA is an evolutionarily well-conserved protein found in all eukaryotic species 
(Naryzhny, 2008; Stoimenov and Helleday, 2009; Strzalka and Ziemienowicz, 
2011), with functions in vital cellular processes, such as DNA replication, 
chromatin remodeling, DNA repair, sister-chromatid cohesion and cell cycle 
control (Maga and Hubsher, 2003). Since uncontrolled cell growth has a tight 
association with cancer transformation, PCNA plays a crucial role in ensuring the 
proper regulation and control of cell proliferation.  
Long-term adaptation to harsh environments, like high salinity stress, 
would require an increase in the number of ionocytes and enhancement of the 
expression of the respective transporters (Hwang et al., 2011). Therefore, the 
majority of the processes for cell proliferation and cell death of specific ionocytes 
with the essential transporters would have to happen before A. testudineus is 
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exposed to seawater. This will help ensure that the entire functional capacities of 
the respective ionocytes are well-prepared to handle the challenges of high 
salinity. Hence, for a fish to be adapted to seawater for 6 days, most (if not all) of 
the ionocytes within its gills would have been adapted to carry out the necessary 
iono- and osmoregulation. This could explain the down-regulation observed in the 
mRNA expression of several cell proliferative genes, such as the different 
isoforms of stat and jak in the gills of seawater-exposed A. testudineus, as well as 
the lack of significant changes in the mRNA expression of pcna.  
4.2.1.8.2 Forkhead transcription factors 
Through gene knock-out studies, FOXI1, a forkhead transcription factor, has been 
shown to function as a key regulator for the terminal differentiation of ionocytes 
in the inner ear and kidney in mammals (Hulander et al., 2003; Blomqvist et al., 
2004). In zebrafish embryos, the formation of a positive regulatory loop for 
specification and differentiation of epidermal ionocytes is regulated by two 
duplicated forkhead transcription factors, foxi3a and foxi3b (Hsiao et al., 2007). 
Inhibition of foxi3a and foxi3b translations suppresses the terminal differentiations 
in two subtypes of ionocytes, the Nka-rich cells and the H+-ATPase-rich cells, 
resulting in impairment of ionic and osmotic balances (Hsiao et al., 2007). 
Recently, Thermes et al. (2010) demonstrated that foxi3 is involved in the 
differentiation of ionocytes in medaka, a euryhaline teleost. Two different 
isoforms of the forkhead transcription factor, foxl2 and foxo1, were expressed 
abundantly in the gills of A. testudineus in fresh water and their down-regulation 
when exposed to 6 days of seawater could imply a reduced need for further 
cellular proliferation and differentiation. This is logical as the ionocytes in the 
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seawater-exposed fish would have been sufficiently and completely replaced with 
the seawater-type ones, negating the need for further cellular proliferation and 
differentiation. 
4.2.1.8.3. Osmoregulatory roles of prolactin and growth hormone  
Prolactin and growth hormone belong to a family of pituitary polypeptide 
hormones and both have important roles in teleost osmoregulation (Sakamoto and 
McCormick, 2006). Prolactin regulates the development and differentiation of 
freshwater-type ionocyte while that of seawater-type ionocyte is controlled by 
growth hormone. Prolactin has a role in ion uptake mechanisms of teleosts in 
freshwater and decreases membrane permeability to promote ion retention 
(Hirano, 1986; Manzon, 2002; Sakamoto et al., 2005). Plasma levels of Prl177 and 
Prl188 in the Mozambique tilapia decreased significantly after exposure to a 
hyperosmotic environment (Breves et al., 2010a). The mRNA expression level of 
prlr (prolactin receptor) is also reduced significantly in the gills of the 
Mozambique tilapia transferred to seawater, as compared with the freshwater 
control. Recently, Breves et al. (2013) showed a significant stimulation in the 
gene expression of ncc2b and one of the prolactin receptors, prlra, in the adult 
zebrafish after an intraperitoneal injection of ovine prolactin. 
In response to seawater, the plasma Gh concentration and branchial ghr 
mRNA expression level of both the Mozambique and Nile tilapia increase, 
indicating their roles in promoting seawater tolerance (Breves et al., 2010a; 
Breves et al., 2010b). Growth hormone has been implicated in increasing the 
number and size of seawater-type ionocytes and the transcription of ion-secretory 
transporter genes in salmonids and other euryhaline teleosts (Pelis and 
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McCormick, 2001; Sakamoto and McCormick, 2006). Notably, the seawater-
acclimating effects on prolactin and growth hormone are not consistent among all 
teleosts, and there is species variability on the effects of growth hormones. For 
example, unlike many teleosts, growth hormone administration does not have a 
seawater-acclimating impact on the silver seabream (Kelly et al., 1998).  
For A. testudineus, prlr and ghr transcripts were more abundantly 
expressed in the gills of fish exposed to fresh water than in those exposed to 
seawater. Consistent with most literature, the abundant expression of prlr could 
have an important function in inhibiting the development of seawater-type 
ionocytes and promote ion uptake in the gills of A. testudineus in freshwater. On 
the contrary, a decrease in the branchial expression of ghr after 6 days of exposure 
to seawater could suggest that the growth hormone has exerted its seawater-
acclimating effects before the sixth day of seawater exposure. The growth 
hormone-induced increase in the number and size of seawater-type ionocytes 
together with enhanced transcription of ion-secretory transporter genes (Pelis and 
McCormick, 2001; Sakamoto and McCormick, 2006) would have occurred within 
the gills of A. testudineus during the acclimation phase, allowing it to 
osmoregulate and survive in seawater. 
4.2.1.8.4. Aquaporins 
The transcripts encoding for Aqp1aa and Aqp3a, which were categorized in 
functions associated with apoptosis, cell proliferation, cell differentiation and cell 
morphology, were highly expressed in the gills of A. testudineus in fresh water. 
Aquaporins are commonly known for their osmoregulatory roles in mediating 
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facilitated transmembrane water transport across fish gills and this will be 
discussed in detail in section 4.2.2.5. 
Increased expression levels of AQP1 may play a role in tumourigenesis 
due to the oncogenic properties of AQP1 (Hoque et al., 2006). As a rapid increase 
in cell volume is needed during the cell cycle, expression of several aquaporins in 
the tumour cells may be advantageous for absorbing water from the external 
environment. Furthermore, overexpression of AQP1 has been recognized as a 
causative factor in brain tumours (Saadoun et al., 2002). These tumour cells may 
need several AQP to sustain a high metabolic turnover and support tumour-
specific metabolic pathways. Forced expression of full-length AQP1 cDNA in 
NIH-3T3 cells produces a neoplastic phenotype characteristic of increased cell 
proliferation and anchorage-independent growth. Additionally, AQP1 is involved 
in the control of cell cycle processes (Moon et al., 1995; Ma and Verkman, 1999), 
further supporting the role of AQP1 in uncontrolled cell replication. A phenotypic 
analysis of knockout mice reveals that tumour angiogenesis can be facilitated by 
Aqp1 by enhancing cell motility (Saadoun et al., 2005). This could have occurred 
through a mechanism that involved facilitated water transport at the leading edge 
of migrating cells.  
Other than AQP1, AQP3 has also been shown in several mammalian 
studies to be involved in cell migration and proliferation. An up-regulation of 
AQP3 expression in mice results in an enhancement of keratinocyte proliferation, 
indicating a crucial role of AQP3 in epidermal hyperplasia (Levin and Verkman, 
2006). AQP3-deficient mice display a significant impairment in corneal re-
epithelialization which can be attributed to distinct defects in the migration and 
proliferation of corneal epithelial cells. AQP3-null corneal epithelium also shows 
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a separate defect in cell proliferation during re-epithelialization, providing 
evidence for the role of aquaporin in cell proliferation. The AQP3-dependent 
effects on cell proliferation and migration can be explained by the impairment of 
water and/or glycerol transport, or by a mechanism independent of the 
transporting functions, such as protein–protein interactions or modulation of the 
physical properties of the membrane. 
As there is a lack of studies on the effects of aquaporins in apoptosis, cell 
proliferation, cell differentiation and cell morphology within fish gills, inferences 
can only be made based on the mammalian studies. Taken together, the role of 
aquaporins in cellular processes cannot be ignored. Aqp1aa and Aqp3a could have 
a reduced role in the gills of A. testudineus exposed to seawater to prevent 
uncontrolled proliferation of the ionocytes. As for the gills of A. testudineus 
exposed to freshwater, relatively high expression of genes encoding Aqp1aa and 
Aqp3a might be necessary for the regulation of water flux between the plasma and 
the external environment to control the cell volume and cell cycle processes. In 
essence, the rates of cell proliferation and apoptosis can be kept in check and 
uncontrolled cell proliferation and/or apoptosis prevented in the process. 
4.2.1.9. Changes in genes related to tight junctions  
Paracellular permeability of cells is regulated by tight junctions, consisting mainly 
of claudins, occludins and junctional adhesion molecules (Gonzalez-Mariscal et 
al., 2003; Miyoshi and Takai, 2005). The presence of leaky tight junctions 
between the epithelial ionocytes and accessory cells is important for providing a 
paracellular route for Na+ secretion (Sardet et al., 1979). The family of claudin 
transmembrane proteins is believed to be the principal structural and functional 
component of tight junctions (Krause et al., 2008). Many studies have collectively 
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reported on the salinity-dependent expression of different claudin isoforms in the 
fish gills.  
Exposure to seawater induces the expression of cldn10e while exposure to 
fresh water induces the expression of cldn27a and cldn30 in the Atlantic salmon 
(Tipsmark et al., 2008a). In addition, the transfer of euryhaline flounder, tilapia 
and pufferfish from fresh water to seawater results in a decrease in the mRNA and 
protein expression of cldn3/Cldn3 and cldn4/Cldn4 and the opposite trend occurs 
during a transfer from seawater to fresh water (Bagherie-Lachidan et al., 2008; 
Tipsmark et al., 2008b; Duffy et al., 2011). Furthermore, overexpression of 
CLDN3 and CLDN4 can be correlated with reduced paracellular permeability in 
mammalian epithelial cells (Coyne et al., 2003; van Itallie et al., 2003). To the 
best of the author’s knowledge, this is a first report on the high expression level of 
cldn19 in the gills of the freshwater fish. It is probable that the resultant high 
expression of cldn19 in the gills of A. testudineus in fresh water could help to 
prevent the paracellular loss of ions from the plasma to the external environment. 
Alternately, the relatively low mRNA expression level of cldn19 in the gills of A. 
testudineus exposed to seawater might facilitate the paracellular exit of Na+, 
thereby maintaining ionic balance. 
4.2.2. Identification of freshwater-type and seawater-type ion transporters  
It has been proposed that different subtypes of ionocytes are present in the gills of 
A. testudineus based on the isoform of nkaα/Nkaα (see Ip et al., 2012a; Ching et 
al., 2013). The freshwater isoform has been identified as nkaα1a/Nkaα1a while 
both nkaα1b/Nkaα1b and nkaα1c/Nkaα1c have been proposed as seawater 
isoforms. More importantly, results from this study demonstrated for the first time 
that Nkaα1b and Nkaα1c are present in distinct ionocytes in the gills of A. 
 165 
 
testudineus, suggesting that they may have different physiological functions when 
operating in conjunction with other types of transporters. Hence, the author 
proceeded to identify the different types of ion transporters that are co-expressed 
with Nkaα1a, Nkaα1b or Nkaα1c in the same type of ionocytes, with the aim to 
elucidate the mechanisms of ion-uptake and ion-extrusion in the gills of A. 
testudineus exposed to fresh water and seawater, respectively. 
The mechanism of ion-uptake by ionocytes in freshwater fish has been 
controversial over the years (see Marshall, 2002; Perry et al., 2003; Hirose et al., 
2003; Evans et al., 2005; Hwang and Lee, 2007; Hwang et al., 2011 for reviews). 
Two models have been proposed for the uptake of Na+ at the apical membranes of 
ionocytes in freshwater: the first requires electroneutral exchange of Na+ and H+ 
by Nhe, and the second requires Na+ absorption through ENaC, which is 
electrically coupled with active H+ excretion via V-ATPase. The former model 
was proposed originally, and the latter is currently more accepted, but the exact 
mechanisms of Na+ uptake by ionocytes are still elusive. The major pathway of 
Cl- uptake in a freshwater fish, on the other hand, has been proposed to be linked 
to the transport of HCO3
- into the blood via Cl-/HCO3
- exchange (see Hwang et al., 
2011 for a review). In addition, the uptake of Na+ and Cl- can be facilitated by 
apical Ncc in freshwater teleosts (see section 2.3.3.3). In contrast, the current 
model for ion extrusion during seawater exposure (see section 4.2.1.1) is more 
established and widely accepted. 
4.2.2.1. Freshwater-type and seawater-type cation-chloride cotransporters 
Two isoforms of Nkcc1 (Nkcc1a and Nkcc1b) and one isoform of Ncc were 
identified, with their complete coding cDNA sequences obtained, from the gills of 
A. testudineus. Elsewhere, two forms of Nkcc1 (Nkcc1a and Nkcc1b) and one 
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form of Ncc have also been successfully cloned from the gills of tilapia (Hiroi et 
al., 2008). The mRNA expression of Nkcc1a and Nkcc1b are highly expressed in 
the gills of tilapia exposed to seawater (Hiroi et al., 2008) and the European eel 
(Cutler and Cramb, 2002a) while the expression of ncc/Ncc is exclusively 
expressed in the gills of the freshwater-acclimatized tilapia (Hiroi et al., 2008). On 
the contrary, only the mRNA expression of nkcc1a was up-regulated in the gills of 
A. testudineus during seawater acclimation, while both nkcc1b and ncc expression 
levels were down-regulated in seawater. Thus, it is logical to deduce that Nkcc1a 
is the seawater-type cotransporter involved in ion secretion, and both Nkcc1b and 
Ncc are freshwater-type cotransporters responsible for ion absorption, in the gills 
of A. testudineus.  
The conclusions drawn on their respective expression preference for 
seawater or freshwater are also supported by immunohistochemical data, where 
localization patterns were determined at the protein level. For this study, we 
succeeded in developing two specific antibodies for A. testudineus Nkcc1a and 
Ncc, which were not possible in earlier studies (the human anti-Nkcc1 antibody, 
T4, used previously was able to react with both Ncc and Nkcc1a of A. testudineus). 
As immunofluorescence staining with anti-Nkcc1b was unsuccessful, co-labelling 
was performed with anti-Nkcc1/Ncc (T4; from mouse) and anti-Nkaα1c (from 
rabbit) to evaluate whether other isoforms of Nkcc1, besides Nkcc1a, were 
expressed in the gills of A. testudineus exposed to seawater. Indeed, results 
obtained convincingly indicate that only one form of Nkcc1, i.e. Nkcc1a, is 
present in the gills of A. testudineus acclimated to seawater. No attempt was made 
to double-label anti-Nkcc1/Ncc (T4) with anti-Nkaα1a or anti-Nkaα1b because all 
three antibodies were raised in mouse.  
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In the gills of A. testudineus exposed to freshwater, Ncc was localized to 
the apical membranes of the freshwater ionocytes together with Nkaα1a (Fig. 31). 
Hiroi et al. (2008) also reported the restriction of Ncc2 to the apical membranes of 
the tilapia’s type-II ionocytes together with a basolateral Nka. Freshwater-specific 
changes were observed in the type-II ionocytes as acclimation to deionized 
freshwater or low Cl- artificial freshwater caused an increase in the density of 
Ncc-expressing type-II ionocytes and an up-regulation in the ncc2 mRNA in adult 
tilapia gills (Inokuchi et al., 2008; Inokuchi et al., 2009) In the gills of the 
zebrafish, Ncc2b was also found to be a candidate for the apical transport pathway 
for the uptake of Cl- in freshwater (Hwang et al., 2011). Therefore, the apical Ncc 
present in the Nkaα1a-labelled ionocytes of the gills of A. testudineus could have 
an important role in the Na+ and Cl- uptake mechanisms when the fish is in 
freshwater. Comparing the results of this study with the findings from recent 
works, the model for active Na+ and Cl- absorption in the gills of A. testudineus in 
freshwater is highly likely to be similar to that proposed for teleost ionocytes in 
freshwater. The current model consists of an apical Ncc, basolateral Nka and 
basolateral Cl– channel:  Na+ and Cl– will be co-transported by apical Ncc from 
the external environment into the cell and subsequently transported across the cell 
to the plasma through a basolateral Nka and basolateral Cl– channel, respectively 
(Hiroi et al., 2008). However, Ncc is an electroneutral cotransporter and therefore 
requires a driving force to cotransport Na+ and Cl– into the cell. As suggested for 
the tilapia gills, one possible driving force would be an extremely low 
intracellular Na+ concentration, which could be generated by the basolaterally 




Fig. 31. Proposed model of a freshwater-type ionocyte in the gills of Anabas 
testudineus involved in Na+ and Cl- absorption. Ncc, Na+:Cl- co-transporter; 




















Other than Ncc, a certain level of Nkcc1a expression was observed on the 
basolateral membrane of the Nkaα1a-labelled ionocytes in the gills of A. 
testudineus in freshwater (Fig. 32). This could be attributed to the low expression 
of nkcc1a, with a detectable range of ~2000 copies of transcripts per ng cDNA, in 
the gills of the control fish. A similar observation was also made in the freshwater 
type-III ionocytes in tilapia embryos and it has been suggested that Nkcc1a could 
have some direct physiological function in freshwater (e.g. ion absorption, acid-
base regulation or cell volume regulation) (Hiroi et al., 2008).  
Interestingly, Nkcc1 is also known to play pivotal roles in cell water 
volume control through the tight coupling of water and ion fluxes (Zeuthen et al., 
2005; Alvarez-Leefmans, 2009; Hamann et al., 2010). Besides being a symporter 
that transports four ions in the same direction down the Na+ concentration 
gradient generated and maintained by Nka, it is also able to support uphill water 
transport using the energy stored in the total chemical potential gradients of Na+, 
K+ and Cl-. Based on water transport capacity measurements done on pigmented 
human epithelial cells from the ciliary body of the eye, 590 water molecules has 
been estimated to be coupled to the transport of these 4 ions (Hamann et al., 2005; 
Zeuthen, 2010). Therefore, it is evident that Nkcc1 has the additional property of a 
water channel and is able to transport large volumes of water in the absence of, 
and even against, transmembrane osmotic gradients (Zeuthen, 2010; Hamann et 
al., 2010; Zeuthen and McAulay, 2012). Thus, unlike its role in salt secretion in 
branchial ionocytes of marine fishes, the basolaterally expressed Nkcc1a in the 
Nkaα1a-labelled ionocyte in the gills of A. testudineus could function to actively 
transport water into the ionocyte which is in direct contact with a freshwater 
environment. How water is actively transported across the apical membrane of the 
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ionocyte is uncertain at present, but there are indications that Aqp1aa could be 
involved (see section 4.2.2.5). In conclusion, it is probable that Nkcc1a has a role 
in cell volume regulation and in mitigating any potential osmotic problems in the 




Fig. 32. Proposed model of a freshwater-type ionocyte in the gills of Anabas 
testudineus involved in water transport. Nkcc1a, Na+:K+:2Cl- cotransporter 1a; 






















4.2.2.2 Three major Na+ and Cl- secretory proteins in the gills of A. 
testudineus acclimated to seawater: Nkaα1c, Nkcc1a and Cftr 
Nkcc1a immunoreactivity was detected in Nkaα1c-labelled ionocytes in the gills 
of seawater-exposed A. testudineus. Interestingly, Cftr was also localized to the 
apical membrane of the ionocytes expressing Nkaα1c (Fig. 33). Contrary to the 
previous report of Nkaα1b being the seawater isoform responsible for Na+ and Cl- 
secretion in a hyperosmotic environment in A. testudineus (Ip et al., 2012a), new 
findings from this study clearly indicates that Nkaα1b was not present in the same 
cell type as Nkcc1a, and hence Nkaα1b may serve a different function (discussed 
in sections 4.2.2.3.1 and 4.2.2.4 below). The results obtained from this study 
revealed for the first time that Nkaα1c-labelled ionocytes, together with Nkcc1a 
and Cftr, constitute the seawater-type ionocytes largely responsible for ion 
secretion in A. testudineus. As the distribution pattern of Nkaα1c, Nkcc1a and Cftr 
is consistent with the currently accepted model for ion secretion by seawater 
ionocytes (see Evans et al., 2005; Hwang and Lee, 2007; Hwang et al., 2011 for 
reviews), it can be inferred that these ion transporters will work in concert to drive 
Na+ and Cl- out of the cell in a hyperosmotic environment, providing an essential 
mechanism for A. testudineus to cope with salinity stress. 
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Fig. 33. Proposed model of a seawater-type (Nkaα1c-labelled) ionocyte in the 
gills of Anabas testudineus involved in Na+ and Cl- secretion. Cftr, cystic 
fibrosis transmembrane conductance regulator; Nkaα1c, Na+/K+-ATPase α1c; 
Nkcc1a, Na+:K+:2Cl- cotransporter 1a; AC, accessory cell. (Based on results from 





























4.2.2.3. Ammonia transport during seawater or freshwater exposure 
4.2.2.3.1. Possible role of Nkaα1b, Nhe3 and Rhcg1 in ammonia transport 
during seawater exposure 
Ammonia is a toxic waste product of metabolism in animals and an increase in 
ammonia production has been observed in A. testudineus during seawater 
exposure (see section 4.2.1.5). Four isoforms of Rh glycoproteins (Rhag, Rhbg, 
Rhcg1 and Rhcg2) are expressed in the gills of A. testudinueus. There was a 
significant increase in the mRNA expression of rhcg1 throughout the 6 days of 
seawater exposure and Rhcg1 was found to localize to the apical membrane of the 
Nkaα1b-labelled ionocyte, which also co-expressed Nhe3 on its apical membrane 
(Fig. 34).  
In fishes, it has been generally accepted that ammonia is excreted mainly 
as NH3 down a favourable blood-to-water diffusion gradient. Passive NH3 is 
achieved through “NH3 trapping” by H+ excreted through apical H+-ATPase 
and/or Nhe (Weihrauch et al., 2009; Hwang et al., 2011), and this apical 
‘NH4+/Na+ exchange complex’ model was comprehensively discussed by Wright 
and Wood (2009). In their model, Rhag mediates the transport of NH3 from 
erythrocytes and Rhbg will transport NH3 across the basolateral membrane of 
ionocytes. A metabolon comprising of several ion transporters (Rhcg1, V-ATPase, 
Nhe and ENaC) will subsequently provide an acid trapping mechanism for apical 
NH3 excretion. Several studies have shown indirect evidence for a positive 
correlation between NH4
+ excretion and Na+ uptake in fish gills. Using a scanning 
ion-selective electrode technique to measure H+ gradients, Liu et al. (2013) 
detected an acidic boundary layer at the yolk-sac surface of seawater-acclimated 
medaka larvae. They demonstrated that nhe3, rhbg, rhcg1 and rhcg2 expressions 
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were up-regulated in the medaka larvae exposed to ammonia in seawater, 
suggesting that seawater-type ionocytes play a role in acid and ammonia 
excretion, with Nhe3 and Rh glycoproteins involved in the H+-facilitated 
ammonia excretion. Furthermore, Rhcg1 and Nhe3 have been co-localized in 
Nka-immunopositive ionocytes in the gills, kidney, and skin of the mangrove 
killifish, and ammonia excretion is apparently facilitated by apical Nhe3 (Cooper 
et al., 2013). Shih et al. (2008) used specific morpholino oligonucleotides to 
knock down Rhcg1 translation in zebrafish embryos. They showed that NH4
+ 
efflux occurred preferentially at H+-pump-rich cells and the efflux was reduced by 
Rhcg1 knockdown, by V-ATPase knockdown or inhibition with bafilomycin, as 
well as by Nhe inhibition with EIPA. However, in some teleosts such as the 
mummuichog (Katoh and Kaneko, 2003) and medaka (Wu et al., 2010), H+-
ATPase is not expressed in the apical membrane of ionocytes or pavement cells. 
In fact, a recent study showed that Nhe3 and Rhcg1 were co-localized to a type of 
ionocytes in embryos of medaka, and ammonia excretion was blocked by EIPA, a 
specific inhibitor of Nhe, but refractory to bafilomycin inhibition, suggesting that 
Nhe3 plays an important role in ammonia excretion (Wu et al., 2010). Rhcg1 is 
present on the apical membranes of ionocytes in the pufferfish (Nakada et al., 
2007a) and is the major isoform found on the apical membranes of Nhe3-
expressing ionocytes in trout gills (Takei et al., 2014).  
Since the Nkaα1b-labelled ionocytes of A. testudineus were expressed 
together with Rhcg1 and Nhe3, it is logical to infer that H+-facilitated ammonia 
excretion can occur in the gills of fish in seawater (Fig. 34). The H+ and NH3 that 
are transported by Nhe3 and Rhcg1, respectively, could also help to maintain the 
NH3 gradient across the apical membrane of the ionocytes. The basolateral 
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Nkaα1b is probably responsible for transporting the intracellular Na+ to the blood, 
in order to maintain intracellular Na+ homeostasis and provide the driving force 
necessary for the function of Nhe3. The excess Na+ would finally exit the 
branchial epithelium paracellularly. Alternatively, NH4
+ may diffuse through the 
paracellular route in the gills of A. testudineus in seawater (Goldstein et al., 1982) 
or via Rhcg1, down a favourable NH4
+ diffusion gradient.  
As amino acids are one of the energy sources for seawater adaptation 
(Chang et al., 2007), it is logical for the gills of the seawater-exposed A. 
testudineus to possess different types of ionocytes with separate functions in 
ammonia excretion and salt extrusion. Taking together the mRNA expression and 
protein localization results obtained in this study, we can deduce that the Nkaα1b-
labelled ionocytes are involved in the excretion of ammonia while the Nkaα1c-
labelled ionocytes are responsible for the excretion of Na+ and Cl- when the fish is 




Fig. 34. Proposed model of a seawater-type (Nkaα1b-labelled) ionocyte in the 
gills of Anabas testudineus involved in ammonia excretion and acid-base 
regulation. Nhe3, sodium/hydrogen exchanger 3; Rhcg1, rhesus family C 
glycoprotein 1; Nkaα1b, Na+/K+-ATPase α1b; AC, accessory cell. (Based on 































4.2.2.3.2. Unique localization of Rhag and Rhcg2 in the gills of A. testudineus 
and ammonia transport in freshwater and seawater 
Unlike Rhcg1, the mRNA expression of rhag was reduced significantly during 
long-term (3 to 6 days) seawater exposure and its expression was detected on the 
apical membranes of Nkaα1a-, Nkaα1b- and Nkaα1c-labelled ionocytes (Figs. 35-
37). Numerous studies have detected Rhag in red blood cells and erythroid tissues 
(Hung et al., 2007; Nawata et al., 2007; Tsui et al., 2009). Interestingly, Rhag was 
detected in the gills of A. testudineus in both fresh water and seawater and similar 
observations were made in the gills of a few other fish: adult zebrafish (Braun et 
al., 2009a), zebrafish embryos (Braun et al., 2009b), pufferfish (Nakada et al., 
2007a) and the longhorn sculpin (Claiborne et al., 2008). Marini et al. (2000) 
expressed human RhAG in yeast that is deficient in NH4
+ uptake and successfully 
demonstrated that RhAG facilitates NH4
+ transport. Rhag-mediated NH4
+ 
transport, coupled to H+ efflux, has also been confirmed in subsequent studies 
carried out in Xenopus oocyte expression system (Westhoff et al., 2002). However, 
Rhag has been proposed as a NH3 transporter in the gills of some teleosts such as 
the goldfish (Perry et al., 2010) and rainbow trout (Nawata et al., 2007) while 
RhAG enhances both NH3 and NH4
+ transport in HeLa cells (Benjelloun et al., 
2005) (see section 5.2.2.3 for a detailed discussion on the role of Rh glycoproteins 
in NH3 and NH4
+ transport). Hence, it can be concluded that, with the exception of 
some non-specific staining of erythrocytes, Rhag-labelled ionocytes that co-
express Nkaα subunits could be playing a more important function in the apical 
excretion of NH3 and/or NH4
+ down a favourable NH3 and NH4
+ gradient when A. 
testudineus is in fresh water or exposed to seawater for a transient period (1 day). 
This is especially so for Nkaα1a- and Nkaα1c-labelled ionocytes which co-
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express basolateral Nkcc1a (Figs. 35 and 37). NH4
+ could be transported into the 
ionocytes via basolateral Nkcc1a through substitution of K+ for NH4
+ as both 
cations share similar physical properties. 
Based on immunofluorescence microscopy, novel observations were made 
on the localization of Rhcg2 in the gills of A. testudineus: (1) Rhcg2 is targeted to 
the basolateral membranes of Nkaα1a-labelled and Nkaα1c-labelled ionocytes 
(Figs. 35 and 37) and (2) Rhcg2 is present in a different cell type from Rhcg1 
(detected on Nkaα1b-labelled ionocytes). Similar to RhAG, RhCG has been found 
to support both NH3 and NH4
+ transport in humans (Bakouh et al., 2004) (see 
section 5.2.2.3 for a detailed discussion on the role of Rh glycoproteins in NH3 
and NH4
+ transport). Hence, Rhcg2 could help mediate the basolateral transport of 
NH3 and/or NH4
+ in the gills of both the freshwater and seawater-exposed A. 
testudineus, down a favourable NH3 and NH4
+ gradient. Rhcg2 is known to be 
expressed in the apical membrane of pavement cells in the gills of the sculpin and 
pufferfish (Nakada et al., 2007a; Claiborne et al., 2008). A schematic model of 
ammonia transport in the pufferfish suggests that Rhag transports ammonia from 
the vasculature, which enters the pavement cells via basolateral Rhbg and exits to 
the external environment through an apical Rhcg2 (Nakada et al., 2007a). By 
contrast, mRNA expression and protein localization results obtained from this 
study seem to point towards two different modes of ammonia excretion in the gills 
of the seawater-exposed A. testudineus. While Rhag and Rhcg2 could be largely 
involved in ammonia excretion during brief periods (1 day) of seawater exposure, 
Rhcg1 might take over the role of ammonia excretion during prolonged periods 
(3-6 days) of seawater exposure. During transient periods (1 day) of seawater 
exposure, apical Rhag may be working together with basolateral Rhcg2 within the 
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Nkaα1c-labelled ionocytes to excrete ammonia. When the fish is subjected to 
longer periods (3-6 days) of seawater exposure, H+-mediated ammonia excretion 
takes over via Rhcg1 and Nhe3 in the Nkaα1b-labelled ionocytes to render more 
efficient ammonia excretion.  
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Fig. 35. Proposed models of a freshwater-type ionocyte in the gills of Anabas 
testudineus involved in ammonia excretion. Ammonia could be transported 
across the ionocyte as (A) NH3 and/or (B) NH4
+. Rhag, rhesus blood group-
associated glycoprotein; Nkaα1a, Na+/K+-ATPase α1a; Rhcg2, rhesus family C 
glycoprotein 2; Nkcc1a, Na+:K+:2Cl- cotransporter 1a. Transporter in grey had no 


























































Fig. 36. Proposed model of a seawater-type (Nkaα1b-labelled) ionocyte in the 
gills of Anabas testudineus involved in ammonia excretion. Ammonia could 
enter Rhag as (A) NH3 and/or (B) NH4
+. Rhag, rhesus blood group-associated 
glycoprotein; Nhe3, sodium/hydrogen exchanger 3; Nkaα1b, Na+/K+-ATPase α1b; 
























































Fig. 37. Proposed model of a seawater-type (Nkaα1c-labelled) ionocyte in the 
gills of Anabas testudineus involved in ammonia excretion. Ammonia could 
enter Rhag and Rhcg2 as (A) NH3 and/or (B) NH4
+. Rhag, rhesus blood group-
associated glycoprotein; Nkaα1c, Na+/K+-ATPase α1c; Rhcg2, rhesus family C 
glycoprotein 2; Nkcc1a, Na+:K+:2Cl- cotransporter 1a; AC, accessory cell.  
Transporter in grey had no mRNA or protein localization data. (Based on results 





































































4.2.2.3.3. Unique distribution of Rhbg in the gills of A. testudineus 
It has been established that Rhbg is expressed in the basolateral membrane of 
epithelial cells in fish gills [gulf toadfish (Bucking et al., 2013), zebrafish (Braun 
et al., 2009a; Braun et al., 2009b), longhorn sculpin (Claiborne et al., 2008), 
pufferfish (Nakada et al., 2007a)] and mammalian kidneys (Weiner and Verlander, 
2003). In the freshwater zebrafish, Rhbg is expressed in the basolateral 
membranes of unidentified cells (Braun et al., 2009b) – which in the authors’ 
opinions are not likely to be ionocytes (Hwang et al., 2011). Rhbg is also 
expressed along the basolateral membrane of cells that are not Nka-
immunoreactive in gills of the gulf toadfish (Bucking et al., 2013). In marine 
fishes, such as the pufferfish and longhorn sculpin, the localization of Rhbg, 
although elusive, is consistent with a basolateral location (Nakada et al., 2007a; 
Claiborne et al., 2008). In many of these cases, the authors suggested that the 
broadly distributed and non-specific staining pattern observed could in fact be due 
to the labelling of pavement cells by Rhbg. For the gills of A. testudineus, Rhbg 
was not co-expressed with any of the Nkaα subunits in ionocytes. The diffused 
pattern of Rhbg expression in the gills of A. testudineus suggested that either it is 
assisting ammonia excretion in pavement cells or it may have some unique 
function yet to be defined. 
4.2.2.4. Possible role of Nkaα1b, Nkaα1c and Nhe in acid-base regulation in a 
seawater environment 
Plasma pH in fishes is primarily adjusted by the differential branchial excretion of 
H+ and HCO3
- to the external environment (Evans et al., 2005; Perry and Gilmour, 
2006; Hwang and Perry, 2010). Apical Nhe is one of the main transporters 
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involved in the excretion of metabolic acids in fish exposed to hyperosmotic 
environments (Claiborne et al., 2002). The results presented in this study indicate 
that at least two isoforms of Nhe, Nhe1 and Nhe3, are present in the gills of A. 
testudineus. The mRNA expression of both nhe1 and nhe3 were up-regulated 
following seawater exposure, suggesting that they could be seawater-specific 
isoforms. Similarly, Nhe3 expression also increased in the gills of the euryhaline 
mummichog transferred to seawater to ensure net H+ transfer during acidosis 
(Edwards et al., 2005). Claiborne et al. (2002) reviewed various earlier 
immunohistochemical studies done on different isoforms of Nhe in teleosts and 
reported that most of the proteins are detected in the ionocytes of fish gills and 
display an apical membrane distribution. In a separate study, a type of ionocyte 
expressing apical Nhe2 with basolateral Nka was identified in the gills of a marine 
teleost, the longhorn sculpin, and it had been proposed to have a role in branchial 
acid secretion (Catches et al., 2006). Recently, co-localization of basolateral Nka 
and Nkcc1 with apical Nhe3 was observed in the branchial ionocytes of seawater-
acclimated adult tilapia (Inokuchi et al., 2008) and apical Nhe3b was confirmed to 
be present in the same cells as Nka and Nkcc1 in the gills of trout after seawater 
exposure (Hiroi and McCormick, 2012). Earlier studies have suggested that the 
high concentrations of NaCl in seawater may serve in providing a driving force 
for Na+/H+ exchange across the apical membranes of ionocytes  and the uptake of 
Na+ may be removed from the cell via Nka and exit paracellularly back to the 
external environment (Potts, 1994; Choe et al., 2002; see section 4.2.1.4). Indeed, 
in the gills of A. testudineus exposed to seawater, there was an increase in both the 
mRNA and protein expression of nkaα1b/Nkaα1b and nkaα1c/Nkaα1c, which 
could be essential to remove the excess Na+ that has entered the ionocytes. 
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As mentioned above, Nhe3 is located on the apical membranes of Nka-
immunopositive cells in most fish gills. However, a novel discovery was made on 
the distribution pattern of Nhe3 in the gills of A. testudineus in seawater. 
Immunofluorescence microscopy revealed that Nhe3 was localized differently to 
two subtypes of the seawater-type ionocytes: (1) apical membrane of the Nkaα1b-
labelled ionocytes and (2) basolateral membrane of the Nkaα1c-labelled ionocytes 
(Figs. 34 and 38). This is the first report on Nhe3 being expressed in different 
membranes (apical or basolateral) of two different types of ionocytes in the same 
gills of a fish. Similar to most teleosts (see Evans et al., 2005; Hwang et al., 2011 
for reviews), the ionocyte expressing apical Nhe3 and basolateral Nkaα1b would 
most probably have a critical role in Na+/H+ exchange in order to maintain acid-
base balance in the seawater-exposed A. testudineus, through a combination of an 
inwardly-directed Na+ gradient and an outwardly-directed H+ gradient. Na+ that 
has entered the cell during Na+/H+ exchange will subsequently be transported out 
of the cell basolaterally through Nkaα1b and exit paracellularly into the external 
environment. In addition, apical Nhe3 can also have a crucial role in ammonia 
transport in a seawater environment and this has been discussed in section 
4.2.2.3.1. 
Based on mammalian, reptilian and amphibian studies carried out 
previously, Claiborne et al. (1999) postulated that Nhe 1 and β-Nhe isolated from 
the gills of mummichog and marine sculpin could be targeted to the basolateral 
membranes of ionocytes. Claiborne et al. (1999), on the other hand, hypothesized 
that the basolateral β-Nhe may be carrying out an intracellular ‘housekeeping’ 
role analogous to mammalian NHE1 while the basolateral Nhe1 may be present to 
regulate net proton transfer to the external medium. Pärt and Wood (1996) 
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proposed that the apical Nhe in cultured gill pavement cells of the rainbow trout 
was probably a basolateral exchanger for intracellular pH regulation. Thus far, 
there are no reports that confirmed the basolateral localization of Nhe3 in fish 
gills, and immunofluorescence data in this study is the first to provide direct 
evidence for a new cellular localization of Nhe3 in the gills of A. testudineus. 
With the limited information available at present, the author speculates that the 
basolateral Nhe3, co-expressed with Nkaα1c, in the gills of A. testudineus could 
serve to regulate blood pH balance through the transport of H+ into the blood in 




Fig. 38. Proposed model of a seawater-type (Nkaα1c-labelled) ionocyte in the 
gills of Anabas testudineus involved in acid-base regulation. Nkaα1c, Na+/K+-
ATPase α1c; Nhe3, sodium/hydrogen exchanger 3; AC, accessory cell. (Based on 



























4.2.2.5. Aqp and water transport  
Besides ion transport and acid-base regulation, ionocytes within the gills also 
function as potential sites for water exchange. Five isoforms of aqp (aqp1aa, 
aqp1ab, aqp3a, aqp7 and aqp11) were expressed in the gills of A. testudineus. 
Several studies have shown that salinity changes would lead to changes in the 
mRNA expression of aqp1aa/aqp1ab in the gills of numerous fish species (Deane 
and Woo, 2006; Giffard-Mena et al., 2007; An et al., 2008; Tipsmark et al., 2010; 
Deane et al., 2011). On the contrary, Ip et al. (2013) reported that there were no 
significant changes in the branchial mRNA expression of aqp1aa during seawater 
exposure and concluded that Aqp1aa does not play a major role in osmoregulation 
during seawater acclimation. This would imply that the gills of A. testudineus 
must contain other isoforms of aquaporins that can respond differentially to 
salinity changes. Indeed, aqp1ab, aqp3a, aqp7 and aqp11 all showed a significant 
decrease in their mRNA expression levels upon seawater exposure. In a seawater 
environment, there is an increased tendency of large transepithelial efflux of water 
due to the outwardly-directing osmotic gradient. Hence, a decrease in the mRNA 
expression of the majority of aqp isoforms could serve to decrease the water 
permeability of the gills and in the process help to maintain water balance. 
Aqp1ab in teleosts has been found to play a conserved role in oocyte 
hydration (see Cerdà, 2009; Finn and Fyhn, 2010 for reviews).  This oocyte 
hydration role of Aqp1ab was first suggested in the gilthead seabream (Fabra et al., 
2005) and subsequently demonstrated in the catfish (Chaube et al., 2011) and 
Atlantic halibut (Zapater et al., 2011). To date, there is very limited information 
on the expression and role of Aqp1ab in fish gills. In the gills of the Atlantic 
salmon transferred from freshwater to seawater, elevated mRNA levels have been 
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detected for aqp1ab (Tipsmark et al., 2010) which is in contrast to the significant 
decrease in the mRNA expression of aqp1ab observed in the gills of the seawater-
exposed A. testudineus. Localization of the two isoforms of Aqp1 (Aqp1aa and 
Aqp1ab) in fish gills is still largely unknown but Aqp1 is located apically in most 
vertebrate tissues where it serves as a gate to control water exchange on the 
mucosal side (Tipsmark et al., 2010). In the gills of the rainbow wrasse, Aqp1 is 
co-localized with Nka to the same cell type (Brunelli et al., 2010) but found on the 
surface of gill lamellae in the seawater-exposed gilthead seabream (Cerdà and 
Finn, 2010). 
By comparison with various studies, there appears to be a consensus for a 
lower mRNA abundance of aqp3 during transfer from fresh water to seawater in 
the gills of the sea bass (Giffard-Mena et al., 2007), the European eel (Cutler and 
Cramb, 2002b), Japanese eel (Tse et al., 2006), tilapia (Watanabe et al., 2005), 
Atlantic salmon (Tipsmark et al., 2010), Atlantic killifish (Jung et al., 2012), 
Japanese medaka (Madsen et al., 2014) and the marine medaka (Kim et al., 2014). 
These studies collectively suggest an important role of Aqp3 for regulatory cell 
volume control during seawater adaptation to prevent cellular dehydration. In the 
gills of the rainbow wrasse, Aqp3 is targeted to both the Nka-labelled ionocytes 
and the accessory cells (Brunelli et al., 2010). In the freshwater-acclimated 
killifish, Aqp3 co-localized with Nka in the ionocyte of the primary filaments and 
in the pillar cells of the secondary lamellae (Jung et al., 2012). However, Aqp3 
was located primarily in the ionocyte of the primary filament in the seawater-
acclimated killifish. Aqp3 had also been localized specifically to the basolateral 
membranes of ionocytes in the gills of the European eel [Aqp3b (Cutler and 
Cramb, 2002b; Lignot et al., 2002)], Japanese eel (Tse et al., 2006), sea bass 
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(Giffard-Mena et al., 2007; Giffard-Mena et al., 2008), silver sea bream (Deane 
and Woo, 2006) and the tilapia [Aqp3a (Watanabe et al., 2005)]. Notably, the 
cellular localization of Aqp3a and Aqp3b are species dependent but display a 
common co-localization with Nka. 
Among fishes, Aqp7 has only been reported to be expressed in the gills of 
the zebrafish (Tingaud-Sequeira et al., 2010) and Japanese medaka (Madsen et al., 
2014). To the best of the author’s knowledge, this present study is the first to 
examine the differential mRNA expression as well as the localization of 
aqp7/Aqp7 in the gills of fish in fresh water and during seawater exposure. 
As for Aqp11, its functional roles have not been fully characterized as 
zebrafish Aqp11b were not functional when expressed in the X. laevis oocytes 
(Tingaud-Sequeira et al., 2010) which could be caused by their in vivo 
intracellular location (Gorelick et al., 2006). However, reconstitution of Aqp11 
into liposomes showed that it is a functional water channel (Yakata et al., 2007). 
Tinguad-Sequeira et al. (2010) reported that there was no Aqp11 expression in the 
gills of the zebrafish. However, Aqp11 expression was found to be present in the 
gills of the euryhaline marine medaka and there was a significant down-regulation 
in its mRNA expression, as compared to the freshwater control (Kim et al., 2014). 
Aqp11 expression was also detected, albeit very low levels, in the gills of the 
Japanese medaka (Madsen et al., 2014).  
Immunofluorescence microscopy revealed for the first time that Aqp1aa is 
expressed on the apical membranes of Nkaα1a-labelled ionocytes in the gills of A. 
testudineus kept in fresh water (Fig. 39). Working together with Nkcc1a, Aqp1aa 
could be responsible for regulating water transport across the apical membranes of 
Nkaα1a-labelled ionocytes (see section 4.2.2.1). However, the number of Aqp1aa-
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labelled cells were drastically reduced in the gills of A. testudineus acclimated to 
seawater, and Aqp1aa was not localized to any Nkaα-labelled ionocytes. This 
corroborates the mRNA expression results reported in Ip et al. (2013), further 
confirming that Aqp1aa does not play an important role in osmoregulation in the 
gills of A. testudineus during seawater exposure. Both Aqp1ab and Aqp7 were co-
localized to the basolateral membranes of the Nkaα1a- and Nkaα1c-labelled 
ionocytes in the gills of A. testudineus but expressed apically in the Nkaα1b-
labelled ionocytes (Figs. 39-41). To the author’s knowledge, this present study is 
the first to examine the differential location of Aqp1aa, Aqp1ab and Aqp7 in the 
gills of fishes.  
4.2.2.6. Possible roles of Aqp as gas channels  
Aqp are well-known for their distinct roles in the transport of water in fishes (see 
review by Madsen et al., 2015). However, recent expression studies performed on 
Xenopus oocytes using mammalian AQP indicate a diverse range of selectivities 
for water, NH3 or CO2 (Geyer et al., 2013). While AQP1 is permeable to all three 
molecules, AQP3 and AQP7 can transport water and NH3. Several studies have 
examined the role of AQP ammonia transport as both water and NH3 molecules 
display similar charge distribution and molecular sizes. Human AQP1 expressed 
in Xenopus oocytes shows enhanced NH3 permeability (Nakhoul et al., 2001; 
Musa-Aziz et al., 2009). However, Holm et al. (2005) concluded that AQP3, 
AQP8 and AQP9, but not AQP1, could support significant fluxes of NH3 and 
NH4
+. The discrepancies in these results from different laboratories could be due 
to a difference in the sensitivities of the methods adopted in their studies (Herrara 
and Garvin, 2011). Tonoplast intrinsic proteins (TIPs), which are homologs of 
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Aqp in plants, support the transport of both water and NH3 in wheat and 
Arabidopsis thaliana (Jahn et al., 2004; Loqué et al., 2005). 
Other than facilitating the transport of water and ammonia, AQP1 is also 
known to mediate the transport of CO2 (Verkman and Mitra, 2000). Results 
obtained from molecular dynamic simulations showed that the four aquapores of 
AQP1 and its central pore are permeable to CO2 (Wang et al., 2007). CO2 uptake 
in plants is enhanced by 45% when an AQP homolog (NtAQP1) obtained from 
tobacco plants is expressed in Xenopus oocytes (Uehlein et al., 2003). In earlier 
experiments where oocytes expressing AQP1 were exposed to CO2, there was an 
increase in the rate at which intracellular pH declined due to the tripled rate of 
CO2 influx (Nakhoul et al., 1998; Cooper and Boron., 1998). Subsequent studies 
using human blood samples demonstrated that AQP1 accounts for approximately 
90% of CO2 permeability in red blood cells (Endeward et al., 2006a; Endeward et 
al., 2006b). A stopped-flow study of artificial lipid vesicles reconstituted with 
AQP1 revealed an enhancement in CO2 permeability (Prasad et al., 1998), while a 
separate study reached an opposite conclusion (Yang et al., 2000). The major role 
of Aqp within the gills of A. testudineus is unlikely to be for water movement as 
water permeability should be kept to a low level when the fish is in fresh water or 
seawater (Madsen et al., 2015). Thus, when A. testudineus is in fresh water, 
basolateral Aqp1ab could act as gas channels for the transport of CO2 from the 
blood to the ionocytes and excreted to the surrounding waters via apical Aqp1aa 
(Fig. 46A). In this way, blood pH can be maintained at a physiological level.  
Anabas testudineus is a bimodal breather in water and uses its ABO for 
aerial O2 extraction (Graham, 1997). The total volume of inhaled air can be held 
within the chambers of the ABO and its extremely small gill diffusing capacity 
 197 
 
provides a strong selective pressure to decrease transbranchial O2 loss (Graham, 
1997). Gaseous exchange occurs between the inspired air and blood that circulates 
through the capillaries in the ABO (Hughes and Singh, 1970). The gills of A. 
testudineus are, on the other hand, more important for aquatic CO2 release 
(Hughes and Singh, 1970; Graham, 1997; see section 2.3.1).  
CO2 excretion is closely linked to acid-base regulation in fish and both 
processes are achieved through the following reversible reaction catalyzed by 
carbonic anhydrases: CO2 + H2O  H+ + HCO3- (Perry and Gilmour, 2006). 
Elimination of CO2 from the gills of fish consists of two main routes: (1) diffusion 
of dissolved molecular CO2 across the gill epithelium and (2) hydration of CO2 
followed by the subsequent extrusion of H+ and HCO3
- in exchange for Na+ and 
Cl-, respectively (Perry, 1986). The diffusion of molecular CO2 into the external 
environment accounts for greater than 85% of the total branchial CO2 excretion 
(Perry, 1986) and is highly likely to be transported across both the apical and 
basolateral membranes of ionocytes in A. testudineus via Aqp1aa and Aqp1ab, 
respectively (Fig. 39A). Similarly for A. testudineus in seawater, CO2 produced as 
a result of respiration will have to be removed largely by diffusion across the 
branchial epithelium. Furthermore, the mechanism of HCO3
- efflux in exchange 
for Cl- may not be thermodynamically feasible for a fish in seawater. Aqp1ab 
located on the apical membranes of the Nkaα1b-labelled ionocytes and basolateral 
membranes of the Nkaα1c-labelled ionocytes could aid in the transepithelial 
transport of CO2 (Figs. 40A and 41A). 
On the other hand, Aqp7 could mediate the transport of NH3 across the 
basolateral membranes of Nkaα1a-labelled ionocytes in the gills of the freshwater 
fish and subsequently exit through apical Aqp1aa to the external environment (Fig. 
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39B). As for A. testudineus in seawater, amino acids are utilized as energy sources 
for osmoregulation which leads to an increase in ammonia production (Chang et 
al., 2007a). Therefore, the presence of Aqp1ab and Aqp7 on the apical membranes 
of Nkaα1b-labelled ionocytes is more likely for mediating the passive transport of 
NH3 to the external environment (Fig. 40B).  In comparison, Aqp1ab and Aqp7 
located on the basolateral membranes of Nkaα1c-labelled ionocytes could serve to 
facilitate the transport of NH3 from the blood which will subsequently be removed 





Fig. 39. Proposed models of a freshwater-type ionocyte in the gills of Anabas 
testudineus involved in (A) CO2, (B) NH3 or (C) water transport. Fig. 39 (C) is 
an extension of the model in Fig. 32. Aqp1aa, aquaporin 1aa; Nkaα1a, Na+/K+-
ATPase α1a; Aqp1ab, aquaporin 1ab; Nkcc1a, Na+:K+:2Cl- cotransporter 1a 

























































Fig. 40. Proposed model of a seawater-type (Nkaα1b-labelled) ionocyte in the 
gills of Anabas testudineus involved in (A) CO2 or (B) NH3 transport. Aqp1ab, 
aquaporin 1ab; Aqp7, aquaporin 7; Nkaα1b, Na+/K+-ATPase α1b; AC, accessory 









































Fig. 41. Proposed model of a seawater-type (Nkaα1c-labelled) ionocyte in the 
gills of Anabas testudineus involved in (A) CO2 or (B) NH3 transport.  Nkaα1c, 
Na+/K+-ATPase α1c; Aqp1ab, aquaporin 1ab; Aqp7, aquaporin 7; AC, accessory 










































An analysis of the differential gene expression in the gills of A. testudineus 
acclimated to seawater for 6 days revealed up- and down-regulation of several 
gene clusters related to iono- and osmoregulation, energy production and 
metabolism, apoptosis, cellular proliferation, cellular development and cell 
morphology. Further transcriptome analysis of the category on molecular 
transport revealed abundance of genes related to Na+ and Cl- transport (nkaα1c, 
nkcc1a and cftr), K+ recycling (kcnj15), transepithelial Ca2+ transport (trpc6, 
atp2c1 and slc8a1), acid-base regulation (nhe1, nhe3, nbc1 and ae1) and ammonia 
transport (rhcg1) in the gills of the seawater-acclimated A. testudineus. Of note, 
nkaα1c, nkcc1a and cftr displayed very high average coverage and total gene 
reads and were up-regulated significantly in the gills of A. testudineus after 
seawater exposure. The gene expression profile of these key ion transporters 
corroborated the immunofluorescence microscopy studies carried out. Results 
from this study provided novel evidence that the Nkaα1c-labelled ionocytes, 
together with Nkcc1a and Cftr, constitute the seawater-type ionocytes largely 
responsible for Na+ and Cl- excretion when the fish is in a hyperosmotic 
environment.  
More importantly, localization studies demonstrated for the first time the 
presence of two distinct seawater-type ionocytes, Nkaα1b- and Nkaα1c-labelled, 
in the gills of A. testudineus. The Nkaα1b-labelled ionocytes were expressed 
together with Nhe3 and Rhcg1 and a significant up-regulation in the mRNA 
expression of genes encoding these three transporters were detected in the gills of 
fish exposed to seawater. Therefore, it is logical to deduce that the Nkaα1b-
labelled ionocyte has a different function from the Nkaα1c-labelled ionocyte and 
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is most probably essential for H+-facilitated ammonia excretion and acid-base 
regulation in the gills of the seawater fish. Furthermore, the results obtained from 
gene and protein expression studies seem to point towards two different modes of 
ammonia excretion within the gills of A. testudineus in seawater. During 
freshwater and transient periods of seawater exposure, apical Rhag and basolateral 
Rhcg2 could be working together to remove ammonia to the external environment. 
Upon exposure to long periods of seawater exposure, H+-facilitated ammonia 
excretion, carried out by Rhcg1, Nhe3 and Nkaα1b, takes over for more efficient 
ammonia excretion. On the other hand, both mRNA expression and protein 
localization results suggest that the freshwater-type ionocyte responsible for Na+ 
and Cl- absorption in A. testudineus comprises of an apical Ncc and a basolateral 
Nkaα1a. 
Five isoforms of aqp (aqp1aa, aqp1ab, aqp3a, aqp7 and aqp11) were 
successfully obtained from the gills of A. testudineus. Of these, aqp1ab, aqp3a, 
aqp7 and aqp11 were more abundantly expressed in the freshwater fish, probably 
to decrease water permeability in the gills of seawater-exposed A. testudineus, 
thereby helping to maintain water balance. Immunofluorescence microscopy 
suggests for the first time that basolateral Aqp1ab and Aqp7 could mediate the 
transport of CO2 and NH3, respectively in the Nkaα1a-labelled ionocyte of the 
freshwater fish. Both gases could subsequently exit the ionocyte through the 
apical Aqp1aa, allowing the fish to maintain blood pH at physiological levels. 
Apical Aqp1aa could also operate together with basolateral Nkcc1a to regulate 
water transport in the gills of the freshwater fish. As for A. testudineus in seawater, 
Aqp1ab and Aqp7 could work in concert to drive the excretion of NH3 across the 
apical membranes of the Nkaα1b-labelled ionocytes and the basolateral 
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membranes of the Nkaα1c-labelled ionocytes. Likewise, Aqp1ab could also aid in 
the transepithelial transport of CO2 within the gills of the seawater-exposed fish. 
The up-regulation of several genes related to energy production and 
metabolism of carbohydrates, amino acids and lipids indicate that iono- and 
osmoregulation during seawater adaptation are energy-dependent processes. 
These include genes encoding for enzymes involved in glycolysis or 
gluconeogenesis (pfkp, pgk1, pfkl, gapdh, hk1 and pc), glycogen metabolism (gys2 
and pygm), glutamine synthesis (gs), metabolism of other amino acids (bhmt) and 
fatty acids metabolism (acaa2 and acss3). In addition, genes encoding proteins 
important for the transport of metabolic fuels to the ionocytes (glut4, slc6a6, 
slc7a7, slc27a1, slc27a6 and pparα) were more abundantly expressed in the gills 
of A. testudineus adapted to seawater. Within the group of genes down-regulated 
in seawater are those with functions in apoptosis (casp6 and card9), cellular 
growth, proliferation, development (foxl2, foxo1, prlr, ghr, apq1aa, aqp3a and 
isoforms of jak and stat) and cell morphology (cldn19). As the time-course of 
increased apoptosis and cell proliferation in the gills of the salinity stressed fish 
would have occurred before seawater exposure, these cellular processes would 
have largely been completed by then with the respective ionocytes well-prepared 
to handle the challenges of high salinity. The relatively low mRNA expression 
level of cldn19 in the gills of A. testudineus exposed to seawater might help to 
mediate the paracellular exit of Na+, thereby maintaining ionic balance. 
Taken together, results from the differential transcriptome analysis, 
mRNA expression and immunofluorescence microscopy studies indicate that the 
unique ability of A. testudineus to adapt and survive in a high salinity environment 
involves the concerted efforts of respective ion transporters within the freshwater-
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type and seawater-type ionocytes as well as a complex interplay of diverse 




5. CHAPTER 2 – Adaptation to environmental ammonia exposure  
5.1. Results 
5.1.1. Sequencing and de novo assembly of freshwater and NH4Cl gill 
transcriptome 
Two cDNA libraries were prepared from the gill tissues of A. testudineus kept in 
fresh water or subjected to 100 mmol l-1 NH4Cl for 6 days. After quality checks, a 
total of 87.9 million paired reads and 87.3 million paired reads were obtained 
from the freshwater and NH4Cl cDNA libraries, respectively. Due to the absence 
of a reference genome for A. testudineus, de novo assembly of the gill 
transcriptome was performed using a total of 175.2 million paired reads combined 
from both the freshwater and NH4Cl gill libraries (Table 7). This serves as a 
reference for subsequent read mapping and functional annotation.  
A total of 150, 069 contigs were assembled which corresponds to a total 
contig length of approximately 128.8 million bp (Table 7). The length of the 
contigs obtained ranged from 200 bp to 23, 358 bp, with an average length of 858 
bp and a N50 length of 1, 598 bp (Table 7; Fig. 42A). Approximately 15% of the 
contigs had an average coverage of 100-fold or greater, and 30% of them had an 
average coverage of 20-fold or greater, while the remaining had less than 20-fold 
average coverage (Fig. 42B). The contig counts increased gradually (0.8% - 5% 
for every cumulative 10-fold increase in coverage) for contigs with an average 
coverage of 20- to 100-fold. However, a steeper increase in contig counts (11% - 
60% for every cumulative 10-fold increase in coverage) was observed when the 




Table 7. Summary statistics of the combined transcriptome of the gills of 
Anabas testudineus kept in fresh water (FW) or exposed to 100 
mmol l-1 NH4Cl for 6 days. Overview of sequencing outputs and de 
novo assembly of the combined FW and NH4Cl gill transcriptome using 
2×101-bp paired-end reads from FW and NH4Cl gill libraries. 
Summary statistics 
Combined FW and NH4Cl gill 
libraries 
Number of paired end reads 175.2 million 
Number of bases 35.4 billion 
Number of assembled contigs 150, 069 
Average contig length (bases)  858 
Minimum contig length (bases) 200 
Maximum contig length(bases)  23, 358 
N50 contig length (bases)  1, 598 




Fig. 42. Distribution of assembled contigs of the combined transcriptome of 
the gills of Anabas testudineus kept in fresh water or exposed to 100 
mmol l-1 NH4Cl for 6 days. (A) Number and percentage of assembled 
contigs with different contig length (kb). Contig lengths for N-25, N-50 
and N-75 are also indicated. (B) Cumulative number and percentage of 
assembled contigs with different average coverage. A dotted line 
delineates the steep and gradual cumulative increase in contig counts 





















































































































































N75 = 0.55 kb 
N50 = 1.60 kb 
N25 = 3.82 kb 
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Cumulative percentage of contigs
Gradual increase of 0.8-5% per 10-fold coverage 
Increase of 11-60% 
per 10-fold coverage 
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5.1.1.2. In silico evaluation of the combined freshwater and NH4Cl gill 
transcriptome 
Among the 26 Sanger sequences used to further validate the quality of the 
assembled contigs, 81% had excellent hits (E-value = 0) while 12% had relatively 
good hits (0 < E-value < 1.0E-50) (Fig. 43A). No hits were obtained for two of the 
sequences. Among the 21 sequences with excellent hits (E-value = 0), 12 of them 
were equal to or longer than 1, 000 bp (Fig. 43B). Out of the 21 sequences with 
excellent hits, eight of them had their full length in perfect alignment (100%) with 
the best hit (assembled contigs) while five of them had greater than 75% of their 
coding sequence aligned and the remaining eight sequences had a percentage hit 
length of less than 75% (Fig. 43C). 
On the other hand, the remaining sequences with good hits (0 < E-value < 
1.0E-50) were all shorter than 1, 000 bp (Fig. 43B). ranging from 306 bp to 921 
bp. These sequences also had a percentage hit length of <100% with an average 
hit length of 300 bp (Fig. 43C). Taken together, these findings indicate that both 
full-length and partial-length coding sequences were represented in the assembled 
contigs. Furthermore, 17 of the 21 sequences with excellent hits (E-value = 0) and 
all three sequences with good hits (0 < E-value < 1.0E-50) had an average 
coverage equal to or greater than 100-fold (Fig. 43D), thus suggesting that many 





Fig. 43. In silico evaluation (using BLASTN with 26 full-length Sanger coding 
sequences of Anabas testudineus) of the combined transcriptome of the gills of 
A. testudineus kept in fresh water or exposed to 100 mmol l-1 NH4Cl for 6 
days. (A) Percentage distribution (number) of the 26 Sanger sequences with 
respective best hit grouped within different BLASTN E-value range. (B) 
Percentage distribution (number) of the 26 Sanger sequences with different full 
length sizes (bp) grouped within different BLASTN E-value range. (C) 
Percentage distribution (number) of the 26 Sanger sequences with different 
percentage hit length grouped within different BLASTN E-value range. (D) 
Percentage distribution (number) of the 26 Sanger sequences with different 
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5.1.1.3. Differences in functional annotation of freshwater and NH4Cl gill 
transcriptome 
Functional annotation for cellular localization of the human homologs revealed 
that the gills of A. testudineus exposed to 6 days of 100 mmol l-1 NH4Cl had a 
higher proportion of genes encoding proteins present in the cytoplasm (3% more), 
extracellular space (2% more) and plasma membrane (2% more), compared to 
those of the freshwater control, which had more nuclear proteins (13% more) (Fig. 
44A). Interestingly, analysis on their functional types suggests that the ammonia-
exposed gills had a higher proportion of genes encoding transporters, ion channels, 
phosphatases and ligand-dependent nuclear receptors (Fig. 44B). In contrast, the 
gills of the freshwater fish contained more genes encoding cytokines, 
transmembrane receptors, peptidases, G-protein coupled receptors, kinases and 
transcription regulators. The number of genes encoding enzymes, translation 
regulators and growth factors was comparable for both the control and 
experimental fish. 
Results obtained from the analysis of the enriched biological functions 
revealed for the first time, in the gills of A. testudineus, a difference in the 
functional distribution between the up- and down-regulated gene groups. A higher 
percentage of genes encoding proteins associated with energy production, nucleic 
acid metabolism, small molecule biochemistry, molecular transport, lipid 
metabolism, carbohydrate metabolism and amino acid metabolism were observed 
to be up-regulated in the gills of A. testudineus exposed to 100 mmol l-1 NH4Cl for 
6 days (Fig. 44C). On the contrary, genes which were down-regulated in the gills 
of fish after ammonia exposure were mostly associated with cellular processes 
and activities.  
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Fig. 44. Functional annotation analyses of the combined transcriptome of the 
gills of Anabas testudineus kept in fresh water or exposed to 100 mmol l-1 
NH4Cl for 6 days. (A) Percentage distribution of the putative human homolog 
encoded proteins within different sub-cellular locations. (B) Percentage 
distribution of the putative human homolog encoded proteins according to their 
functional type. (C) Significantly enriched (P<0.05) biological processes that are 


























































































































































































































































































































































































































































































































































































































































































































































BH p-value = 0.05
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5.1.1.4. Gene categories involved in iono- and osmoregulation during 
ammonia exposure 
Further analysis of the enriched biological processes revealed several categories 
of genes that were differentially expressed in the gills of A. testudineus exposed to 
100 mmol l-1 NH4Cl for 6 days, with functions that are of particular interest in the 
context of this study. As such, only selected gene categories are discussed in this 
chapter. These include gene categories, such as molecular transport, that may play 
a crucial role in maintaining internal ionic and osmotic homeostasis during active 
ammonia excretion within the gills of A. testudineus. Some of the annotated 
functions within this category include transport of ions, such as Na+, H+, K+, Cl- 
or HCO3
- (Table 8), with genes such as, nkaα1c,  nkcc1a, cftr, nbc1, V-type proton 
ATPase subunit B2 (atp6v1b2), V-type proton ATPase subunit C1-A (atp6v1c1), 
V-type proton ATPase catalytic subunit A (atp6v1a), V-type proton ATPase 
subunit e1 (atp6v0e1), V-type proton ATPase subunit S1 (atp6ap1), V-type proton 
ATPase subunit d1 (atp6v0d1) and V-type proton ATPase subunit E1 (atp6v1e1), 
displaying high average coverage, total gene reads and RPKM values (Table 9).  
5.1.1.5. Gene categories related to energy production and metabolism of 
carbohydrates, amino acids and lipids 
Some of the functional categories observed to be important for the production of 
energy supplies and metabolism of glucose, amino acids, fatty acids and lipids, in 
the gills of A. testudineus, include the catabolism of ATP, oxidation of lipids, 
glycolysis, gluconeogenesis, synthesis of glycogen, transport of carbohydrates, 
synthesis of amino acids, transport of L-amino acids and uptake of long chain 
fatty acids (Table 8). The majority of genes associated with these categories were 
observed to be up-regulated in the gills of fish exposed to 100 mmol l-1 NH4Cl for 
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6 days. Some of these genes include nkaα1c, glut4, fructose-1,6-bisphosphatase 1 
(fbp1), 6-phosphofructo-2-kinase (pfkfb3), hexokinase 2 (hk2), glycogenin 1 
(gyg1), bhmt, gs2, L-type amino acid transporter 4 (slc43a2), low affinity cationic 
amino acid transporter 2 (slc7a2), sodium-dependent neutral amino acid 
transporter (slc6a15), slc27a6, ppara and peroxisome proliferator-activated 




Table 8. Overview of representative enriched gene categories that are up-
regulated in the gills of Anabas testudineus after exposure to 100 mmol l-1 
NH4Cl for 6 days. Total number of contigs, with a fold change of ≥ 1.5 (NH4Cl 
RPKM/FW RPKM) when compared to the FW control, is given for each 
annotated function within the selected gene categories. 
Gene category Function annotation Total number 
of contigs 
Molecular transport Transport of cations 30 
Transport of H+ 9 
Transport of HCO3
- 4 
Transport of monovalent 
inorganic anion 
7 
Energy production Catabolism of ATP 8 
Oxidation of lipids 16 
Carbohydrate metabolism Glycolysis 9 
Gluconeogenesis 8 
Synthesis of glycogen 8 
Transport of carbohydrates 15 
Amino acid metabolism Synthesis of amino acids 9 
Transport of L-amino acids 7 
Lipid metabolism Uptake of long chain fatty 
acids 
5 




Table 9. Representative genes, in selected gene categories, which are up-regulated in the gills of Anabas testudineus after exposure to 100 
mmol l-1 NH4Cl for 6 days. Genes within each category are arranged in descending order of RPKM and presented together with information of 
their average coverage and total gene reads. 
Molecular transport 








Transport of cations sodium/potassium-transporting ATPase subunit alpha 1c nkaα1c 20920.65 290811 943.15 
V-type proton ATPase subunit B2 atp6v1b2 6048.82 107946 296.48 
sodium bicarbonate cotransporter 1 nbc1 5534.70 273393 281.13 
V-type proton ATPase subunit C1-A atp6v1c1 5578.66 68809 269.12 
V-type proton ATPase catalytic subunit A atp6v1a 4818.63 94022 254.79 
V-type proton ATPase subunit e1 atp6v0e1 3891.16 23836 161.54 
V-type proton ATPase subunit S1 atp6ap1 2974.82 56166 136.20 
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Table 9 (continued) 








Transport of cations 
(continued) 
V-type proton ATPase subunit d1 atp6v0d1 2977.87 43792 132.47 
V-type proton ATPase subunit E1 atp6v1e1 2807.81 40925 125.56 
sodium-potassium-chloride cotransporter 1a nkcc1a 922.43 48270 42.28 
inward rectifier potassium channel 2 kcnj2 94.84 556 5.68 
Transport of H+ V-type proton ATPase subunit B2 atp6v1b2 6048.82 107946 296.48 
V-type proton ATPase subunit C1-A atp6v1c1 5578.66 68809 269.12 
V-type proton ATPase subunit e1 atp6v0e1 3891.16 23836 161.54 
V-type proton ATPase subunit S1 atp6ap1 2974.82 56166 136.20 
V-type proton ATPase subunit d1 atp6v0d1 2977.87 43792 132.47 




Table 9 (continued) 









- sodium bicarbonate cotransporter 1 nbc1 5534.70 273393 281.13 
anion exchange protein 1 ae1 737.57 42374 40.57 
carbonic anhydrase 9 ca9 784.50 4201 32.40 
cystic fibrosis transmembrane conductance regulator cftr 99.84 3398 6.23 











sodium-potassium-chloride cotransporter 1a nkcc1a 922.43 48270 42.28 
anion exchange protein 1 ae1 737.57 42374 40.57 
cystic fibrosis transmembrane conductance regulator cftr 99.84 3398 6.23 
chloride channel clic-like protein 1 clcc1 




Table 9 (continued) 
Energy production 








Catabolism of ATP sodium/potassium-transporting ATPase subunit alpha 1c nkaα1c 20920.65 290811 943.15 
Oxidation of lipids  facilitated glucose transporter membrane 4* glut4 176.94 3930 7.56 
Carbohydrate metabolism 








Glycolysis fructose-1,6-bisphosphatase 1  fbp1 1157.42 29840 53.39 
6-phosphofructo-2-kinase pfkfb3 312.78 6338 15.41 
hexokinase 2 hk2 271.71 4144 11.32 
facilitated glucose transporter membrane 4 glut4 176.94 3930 7.56 
*may be an inaccurate classification but was indicated based on the functional annotation given by IPA   
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Table 9 (continued) 








Gluconeogenesis fructose-1,6-bisphosphatase 1  fbp1 1157.42 29840 53.39 
Synthesis of glycogen glycogenin 1 gyg1 224.69 2110 9.91 
facilitated glucose transporter membrane 4 glut4 176.94 3930 7.56 
Transport of 
carbohydrates 
facilitated glucose transporter membrane 4 glut4 176.94 3930 7.56 
Amino acid metabolism 








Synthesis of amino 
acids 
betaine-homocysteine S-methyltransferase 1 bhmt 6449.43 63124 304.79 




Table 9 (continued) 








Transport of L-amino 
acids 
L-type amino acid transporter 4 slc43a2 952.49 33220 41.18 
low affinity cationic amino acid transporter 2 slc7a2 139.98 3370 6.92 
sodium-dependent neutral amino acid transporter  slc6a15 78.23 1617 3.75 
Lipid metabolism 








Uptake of long chain 
fatty acids 
peroxisome proliferator-activated receptor gamma pparg 628.35 1952 25.35 
long-chain fatty acid transport protein 6 slc27a6 353.27 9203 15.35 
peroxisome proliferator-activated receptor alpha ppara 179.66 7806 8.87 
Oxidation of lipids peroxisome proliferator-activated receptor gamma pparg 628.35 1952 25.35 
peroxisome proliferator-activated receptor alpha ppara 179.66 7806 8.87 
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5.1.1.6. Gene categories involved in apoptotic events during environmental 
ammonia exposure 
Another category of great importance is cell death and survival which contains 
genes with functions important in modulating the apoptotic processes in the gills 
of A. testudineus during environmental ammonia exposure (Table 10). Most of the 
genes related to apoptosis were observed to be down-regulated in the ammonia-
exposed gills of A. testudineus. Examples of some of these genes include aqp3a, 
casp6, apoptosis inhibitor 5 (api5) and card9 (Table 11). 
5.1.1.7. Gene categories associated with cellular growth and proliferation, 
development and morphology of cells 
Similarly, majority of the genes with functions related to various cellular 
processes and activities were also down-regulated in the gills of A. testudineus 
after exposure to 100 mmol l-1 NH4Cl for 6 days. The annotated functions include 
proliferation, differentiation and maturation of cells and morphology of cells 
(Table 10). Examples of genes associated with these functions include aqp3a, 





Table 10. Overview of representative enriched gene categories that are down-
regulated in the gills of Anabas testudineus after exposure to 100 mmol l-1 
NH4Cl for 6 days. Total number of contigs, with a fold change of ≤ 0.66 (NH4Cl 
RPKM/FW RPKM) when compared to the FW gill library, is given for each 
annotated function within the selected gene categories. 
Gene category Function annotation Total number 
of contigs 
Cell death and survival Apoptosis 330 
Cellular growth and 
proliferation 
Proliferation of cells 447 
Cellular development Differentiation of cells 237 
Maturation of cells 59 




Table 11. Representative genes, in selected gene categories, which are down-regulated in the gills of Anabas testudineus after exposure to 
100 mmol l-1 NH4Cl for 6 days. Genes within each category are arranged in descending order of RPKM and presented together with 
information of their average coverage and total gene reads. 
Cell death and survival 








Apoptosis aquaporin 3a aqp3a 1325.75 24026 70.06 
caspase 6 casp6 496.75 4342 24.80 
apoptosis inhibitor 5 api5 339.62 5584 14.46 




Table 11 (continued) 
Cellular growth and proliferation 








Proliferation of cells signal transducer and activator of transcription 1 stat1 
2042.70 50548 107.72 
proliferating cell nuclear antigen pcna 865.41 9601 43.08 
prolactin receptor prlr 739.89 14978 31.69 
signal transducer and activator of transcription 4 stat4 
343.95 6078 17.26 
foxhead box protein O1 foxo1 




Table 11 (continued) 
Cellular development 








Differentiation of cells signal transducer and activator of transcription 1 stat1 2042.70 50548 107.72 
prolactin receptor prlr 739.89 14978 31.69 
signal transducer and activator of transcription 4 stat4 
343.95 6078 17.26 
transcription factor sox 8 sox8 
216.78 3960 10.54 
transcription factor sox 2 sox2 73.01 948 3.62 
foxhead box protein O1 foxo1 78.57 1901 3.40 
Maturation of cells signal transducer and activator of transcription 1 stat1 
2042.70 50548 107.72 
transcription factor sox 8 sox8 




Table 11 (continued) 
Cell morphology 








Morphology of cells signal transducer and activator of transcription 1 stat1 
2042.70 50548 107.72 
signal transducer and activator of transcription 4 stat4 343.95 6078 17.26 




5.1.1.8. qPCR validation of RPKM fold changes for selected contigs  
Among the 12 differentially expressed genes randomly selected from various 
functional categories for validation, nine of them were shown by NGS to be up-
regulated (cftr, nkcc1a, nkaα1c, nbc1, atp6v1a, atp6v0d1, glut4, gs2 and aif3) and 
the remaining three (tnf6B, aqp3a and pcna) down-regulated in the gills of A. 
testudineus exposed to 100 mmol l-1 NH4Cl for 6 days (d). A high correlation was 
detected between the NGS and qPCR expression levels as all 12 genes displayed a 
similar trend in both methods: nine of them were up-regulated (cftr, nkcc1a, 
nkaα1c, nbc1, atp6v1a, atp6v0d1, glut4, gs2 and aif3) and three were down-
regulated (tnf6B, aqp3a and pcna) (Table 12). Further statistical analyses 
indicated that eight of these genes were differentially expressed, with seven of 
them showing a significant up-regulation (cftr, nkcc1a, nkaα1c, nbc1, atp6v1a, 




Table 12. Comparison of the fold changes of selected genes between NGS and 
quantitative real-time PCR (qPCR). Relative mRNA expression (calculated 
based on 2-∆∆CT) of cystic fibrosis transmembrane conductance regulator (cftr), 
Na+:K+:2Cl- cotransporter 1a (nkcc1a), Na+/K+-ATPase α1c (nkaα1c), sodium 
bicarbonate cotransporter 1 (nbc1), V-type proton ATPase subunit A (atp6v1a), 
V-type proton ATPase subunit d1 (atp6v0d1), facilitated glucose transporter 
membrane 4 (glut4), glutamine synthetase 2 (gs2), aquaporin 3a (aqp3a), 
apoptosis-inducing factor 3 (aif3), tumour necrosis factor receptor superfamily 
member 6B (tnf6B) and proliferating cell nuclear antigen (pcna), with myocyte-
specific enhancer factor 2A as the reference gene, in the gills of Anabas 
testudineus exposed to100 mmol l-1 NH4Cl for 6 days, as compared to the 
freshwater control. A fold change of > 1 indicates an up-regulation while a fold 
change of < 1 indicates a down-regulation. 





Molecular transport cftr 7.35 6.00 
nkcc1a 1.84 2.47 
nkaα1c 1.78 2.12 
nbc1 1.83 3.77 
atp6v1a 2.24 2.62 
atp6v0d1 1.79 2.45 
Energy production glut4 1.57 1.32 





Table 12 (continued) 





Cell death and 
survival 
aqp3a 0.32 0.86 
aif3 2.20 1.77 
tnf6B 0.63 0.69 
Cellular growth and 
proliferation 




Fig. 45. Quantitative real-time PCR (qPCR) of selected genes from various 
gene categories. Relative mRNA expression (calculated based on 2-∆∆CT) of cystic 
fibrosis transmembrane conductance regulator (cftr), Na+:K+:2Cl- cotransporter 
1a (nkcc1a), Na+/K+-ATPase α1c (nkaα1c), sodium bicarbonate cotransporter 1 
(nbc1), V-type proton ATPase subunit A (atp6v1a), V-type proton ATPase subunit 
d1 (atp6v0d1), facilitated glucose transporter membrane 4 (glut4), glutamine 
synthetase 2 (gs2), aquaporin 3a (aqp3a), apoptosis-inducing factor 3 (aif3), 
tumour necrosis factor receptor superfamily member 6B (tnf6B) and proliferating 
cell nuclear antigen (pcna), with myocyte-specific enhancer factor 2A as the 
reference gene, in the gills of Anabas testudineus kept in fresh water (FW; control) 
in comparison with 6 days of exposure to 100 mmol l-1 NH4Cl.  Results represent 
mean ± S. E. M (N=4). Asterisks indicate significant difference from the 























































































































































































































































































































































































































































































































































5.1.2. Absolute quantification of various transporter genes in the gills of A. 
testudineus after exposure to high concentrations of environmental ammonia 
5.1.2.1. mRNA expression of nkaα1a, nkaα1b and nkaα1c in the gills of fish 
exposed to 100 mmol l-1 NH4Cl for 1 day or 6 days 
No significant changes were observed for the mRNA expression of nkaα1a and 
nkaα1b in the gills of fish exposed to 100 mmol l-1 NH4Cl (Fig. 46A and B). By 
contrast, a significant increase in the mRNA expression of nkaα1c was detected in 
the gills of fish exposed to 100 mmol l-1 NH4Cl for 1 day (by 2.7-fold) or 6 days 
(by 2.0-fold) (Fig. 46C).  
5.1.2.2. mRNA expression of cftr in the gills of fish exposed to 100 mmol l-1 
NH4Cl for 1 day or 6 days 
There was a significant increase in the mRNA expression of cftr in the gills of fish 
exposed to 100 mmol l-1 NH4Cl for 6 days (by 11.8-fold), as compared to the 
control fish (Fig. 47). 
5.1.2.3. mRNA expression of ncc in the gills of fish exposed to 100 mmol l-1 
NH4Cl for 1 day, 3 days or 6 days 
The mRNA expression of ncc increased significantly (by 1.3-fold) in the gills of 
fish exposed to 100 mmol l-1 NH4Cl for 6 days, as compared to the freshwater 




Fig. 46. mRNA expression levels of Na+/K+-ATPase (nka) in the gills of 
Anabas testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=5) of (A) nkaα1a, (B) nkaα1b or (C) nkaα1c transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1 or 6 days (d) of exposure 
to 100 mmol l-1 NH4Cl. Results represent means ± S.E.M. Means not sharing the 




                                                          






















































































































































Fig. 47. mRNA expression levels of cystic fibrosis transmembrane conductance 
regulator (cftr) in the gills of Anabas testudineus. Absolute quantification 
(copies of transcript per ng cDNA; N=5) of cftr transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1 or 6 days (d) of exposure 
to 100 mmol l-1 NH4Cl. Results represent means ± S.E.M. Means not sharing the 
same letter are significantly different (P <0.05).6 
  
                                                          
















































Fig. 48. mRNA expression levels of Na+:Cl- co-transporter (ncc) in the gills of 
Anabas testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=4) of ncc transcripts in the gills of A. testudineus kept in fresh water (FW; 
control) or after 1, 3 or 6 days (d) of exposure to 100 mmol l-1 NH4Cl. Results 





















































5.1.2.4. mRNA expression of nkcc1a in the gills of fish exposed to 100 mmol l-1 
NH4Cl for 1 day or 6 days 
When compared to the freshwater control, the mRNA expression of nkcc1a 
showed a significant increase after 1 day (by 2.3-fold) or 6 days (by 2.9-fold) of 
exposure to 100 mmol l-1 NH4Cl (Fig. 49). 
5.1.2.5. mRNA expression of nkcc1b in the gills of fish exposed to 100 mmol l-1 
NH4Cl for 1 day, 3 days or 6 days 
Significant increases were observed for the mRNA expression of nkcc1b in the 
gills of fish exposed to 100 mmol l-1 NH4Cl for 3 days or 6 days (both by 1.6-fold), 
as compared to the freshwater control (Fig. 50). 
5.1.2.6. mRNA expression of rhag, rhbg, rhcg1 and rhcg2 in the gills of fish 
exposed to 100 mmol l-1 NH4Cl for 1 day, 3 days or 6 days 
When compared to the freshwater control, the mRNA expression of rhag 
increased significantly in the gills of fish exposed to 100 mmol l-1 NH4Cl for 1 
day (by 1.4-fold) and decreased significantly after 6 days (by 47%) of ammonia 
exposure (Fig. 51A). The mRNA expression of rhbg, on the other hand, increased 
significantly after 1 day (by 1.9-fold) or 3 days (by 1.7-fold) of exposure to 100 
mmol l-1 NH4Cl before returning to control levels on the sixth day of ammonia 
exposure (Fig. 51B). On the contrary, the mRNA expression of rhcg1 increased 
significantly after 6 days (by 1.7-fold) of ammonia exposure (Fig. 51C). A 
significant increase was observed for the mRNA expression of rhcg2 in the gills 
of fish exposed to 100 mmol l-1 NH4Cl for 1 day (by 24.0-fold) or 3 days (by 5.7-
fold), and returned to control levels after 6 days of ammonia exposure (Fig. 51D). 
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Fig. 49. mRNA expression levels of Na+:K+:2Cl- cotransporter 1a (nkcc1a) in 
the gills of Anabas testudineus. Absolute quantification (copies of transcript per 
ng cDNA; N=5) of nkcc1a transcripts in the gills of A. testudineus kept in fresh 
water (FW; control) or after 1 or 6 days (d) of exposure to 100 mmol l-1 NH4Cl. 
Results represent means ± S.E.M. Means not sharing the same letter are 
significantly different (P <0.05).7  
  
                                                          




















































Fig. 50. mRNA expression levels of Na+:K+:2Cl- cotransporter 1b (nkcc1b) in 
the gills of Anabas testudineus. Absolute quantification (copies of transcript per 
ng cDNA; N=4) of nkcc1b transcripts in the gills of A. testudineus kept in fresh 
water (FW; control) or after 1, 3 or 6 days (d) of exposure to 100 mmol l-1 NH4Cl. 
Results represent means ± S.E.M. Means not sharing the same letter are 























































Fig. 51. mRNA expression levels of rhesus glycoproteins in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; N=4) of 
(A) rhesus blood group-associated glycoprotein (rhag), (B) rhesus family B 
glycoprotein (rhbg), (C) rhesus family C glycoprotein 1 (rhcg1) or (D) rhesus 
family C glycoprotein 2 (rhcg2) transcripts in the gills of A. testudineus kept in 
fresh water (FW; control) or after 1, 3 or 6 days (d) of exposure to 100 mmol l-1 
NH4Cl. Results represent means ± S.E.M. Means not sharing the same letter are 















































































































































































































5.1.2.7. mRNA expression of nhe1 and nhe3 in the gills of fish exposed to 100 
mmol l-1 NH4Cl for 1 day, 3 days or 6 days 
The mRNA expression of nhe1 increased significantly in the gills of fish exposed 
to 100 mmol l-1 NH4Cl for 1 day (by 1.6-fold), 3 days (by 1.5-fold) or 6 days (by 
1.7-fold), as compared to the freshwater control (Fig. 52A). However, a 
significant decrease in the mRNA expression of nhe3 was observed in the gills of 
fish exposed to 100 mmol l-1 NH4Cl for 3 days (by 52%), which returned to 
control levels on the sixth day of ammonia exposure (Fig. 52B). 
5.1.2.8. mRNA expression of aqp1aa in the gills of fish exposed to 100 mmol l-
1 NH4Cl for 1 day or 6 days 
A significant decrease was observed for the mRNA expression of aqp1aa in the 




Fig. 52. mRNA expression levels of sodium/hydrogen exchanger (nhe) in the 
gills of Anabas testudineus. Absolute quantification (copies of transcript per ng 
cDNA; N=4) of (A) nhe1 or (B) nhe3 transcripts in the gills of A. testudineus kept 
in fresh water (FW; control) or after 1, 3 or 6 days (d) of exposure to 100 mmol l-1 
NH4Cl. Results represent means ± S.E.M. Means not sharing the same letter are 






































































































Fig. 53. mRNA expression levels of aquaporin 1aa (aqp1aa) in the gills of 
Anabas testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=5) of aqp1aa transcripts in the gills of A. testudineus kept in fresh water (FW; 
control) or after 1 or 6 days (d) of exposure to 100 mmol l-1 NH4Cl. Results 
represent means ± S.E.M. Means not sharing the same letter are significantly 
different (P <0.05).8 
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5.1.2.9. mRNA expression of aqp1ab, aqp3a, aqp7 and aqp11 in the gills of fish 
exposed to 100 mmol l-1 NH4Cl for 1 day, 3 days or 6 days 
There were significant decreases in the mRNA expression of aqp1ab after 
3 days (by 30%) or 6 days (by 48%) of exposure to 100 mmol l-1 NH4Cl, as 
compared to the freshwater control (Fig. 54A). Similarly, significant decreases 
were observed for the mRNA expression of aqp3a after 1 day (by 37%) or 3 days 
(by 43%) of exposure to 100 mmol l-1 NH4Cl (Fig. 54B). As for aqp7, its mRNA 
expression showed a significant decrease (by 57%) on the sixth day of exposure to 
100 mmol l-1 NH4Cl (Fig. 54C). In comparison, the mRNA expression of aqp11 
decreased significantly after 1 day (by 21%), 3 days (by 44%) or 6 days (by 28%) 





Fig. 54. mRNA expression levels of aquaporin (aqp) in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; N=4) of 
(A) aqp1ab, (B) aqp3a, (C) aqp7 or (D) aqp11 transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1, 3 or 6 days (d) of 
exposure to 100 mmol l-1 NH4Cl. Results represent means ± S.E.M. Means not 






















































































































































































































Please refer to the soft copy when necessary for Figs 69-85 as the printed 
copies may inevitably show some loss in the quality of the micrographs.  
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5.1.3. Immunofluorescent localization of various transporters in the gills of A. 
testudineus after exposure to high concentrations of environmental ammonia 
5.1.3.1. Immunofluorescent localization of NKAαRb1 and Nkaα1a in the gills 
of freshwater (control) fish and after 6 days of exposure to 100 mmol l-1 
NH4Cl 
Nkaα1a was found to be preferentially expressed in the basolateral membranes of 
cells within the gills of both the freshwater fish and ammonia-exposed fish (Figs. 
55A and B). In both the control and the treatment fish, Nkaα1a-stained ionocytes 
(red) co-labelled with anti-NKAαRb1 (green), an antibody known to be pan-
specific for the NKA/Nka α-subunits, thereby producing a yellow-orange colour 
along the secondary lamellae. 
5.1.3.2. Immunofluorescent localization of NKAαRb1 and Nkaα1b in the gills 
of freshwater (control) fish and after 6 days of exposure to 100 mmol l-1 
NH4Cl 
The expression of Nkaα1b (red) was undetectable in the gills of both the control 
and ammonia-exposed fish and hence, co-labelling of anti-Nkaα1b with anti-




Fig. 55. Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1a in the gills of Anabas testudineus. Double immunofluorescence 
was performed using anti-NKAαRb1 and anti-Nkaα1a antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of 
exposure to 100 mmol l-1 NH4Cl. Immunofluorescence of anti-NKAαRb1 (green) 
and anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with differential 
interference contrast (DIC) image for orientation in (iv). Co-localization of 
staining from the green and red channels resulted in a yellow-orange colouration. 




Fig. 56. Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1b in the gills of Anabas testudineus. Double immunofluorescence 
was performed using anti-NKAαRb1 and anti-Nkaα1b antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of 
exposure to 100 mmol l-1 NH4Cl. Immunofluorescence of anti-NKAαRb1 (green) 
and anti-Nkaα1b (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with differential 




5.1.3.3. Immunofluorescent localization of NKAαRb1 and Nkaα1c in the gills 
of freshwater (control) fish and after 6 days of exposure to 100 mmol l-1 
NH4Cl 
Minimal expression of Nkaα1c was detected in the gills of the freshwater fish and 
hence, very few cells were observed to co-localize with NKAαRb1 (Fig. 57A). In 
contrast, there was an increase in the expression of Nkaα1c in the gills of fish 
exposed to 100 mmol l-1 NH4Cl for 6 days (Fig. 57B). All the Nkaα1c-labelled 
ionocytes (red) co-labelled with anti-NKAαRb1 (green), resulting in a yellow-
orange colour in the basolateral membranes of cells located along the secondary 
lamellae (Fig. 57B). 
5.1.3.4. Immunofluorescent localization of Nkaα1c and Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of exposure to 100 mmol l-1 NH4Cl 
No co-localization was observed for the staining of Nkaα1c and Nkaα1a in both 
the gills of fish in freshwater or exposed to ammonia, indicating that they are 
present in different types of ionocytes (Figs. 58A and B). 
5.1.3.5. Immunofluorescent localization of Nkaα1c and Nkaα1b in the gills of 
freshwater (control) fish and after 6 days of exposure to 100 mmol l-1 NH4Cl 
As reported in section 5.1.3.2, staining of Nkaα1b was undetectable in the gills of 
both the control fish and ammonia-exposed fish. Hence, only Nkaα1c staining was 





Fig. 57. Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1c in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-NKAαRb1 and anti-Nkaα1c antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of 
exposure to 100 mmol l-1 NH4Cl. Immunofluorescence of anti-NKAαRb1 (green) 
and anti-Nkaα1c (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with differential 
interference contrast (DIC) image for orientation in (iv). Co-localization of 
staining from the green and red channels resulted in a yellow-orange colouration. 




Fig. 58. Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Nkaα1a in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-Nkaα1c and anti-Nkaα1a antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of 
exposure to 100 mmol l-1 NH4Cl. Immunofluorescence of anti-Nkaα1c (green) 
and anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with differential 




Fig. 59. Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Nkaα1b in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-Nkaα1c and anti-Nkaα1b antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of 
exposure to 100 mmol l-1 NH4Cl. Immunofluorescence of anti-Nkaα1c (green) 
and anti-Nkaα1b (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with differential 




Since Nkaα1b staining was undetectable and that of Nkaα1c minimally 
detected in the gills of the freshwater fish, the subsequent antibodies (anti-Ncc, 
anti-Nkcc1a, anti-Rhag, anti-Rhbg, anti-Rhcg1, anti-Rhcg2, anti-Nhe3, anti-
Aqp1aa, anti-Aqp1ab and anti-Aqp7) were co-labelled with Nkaα1a in order to 
characterize their location. As for the gills of fish exposed to 100 mmol l-1 NH4Cl 
for 6 days, Nkaα1b was undetectable. Hence, subsequent co-labelling of the 
above-mentioned antibodies was performed with either anti-Nkaα1a or anti-
Nkaα1c to deduce the different types of ionocytes present. Efforts were also made 
to double label Nkaα1c with anti-Nkcc/Ncc (T4) or anti-Cftr (clone #24-1) in the 
gills of the ammonia-exposed fish. 
Attempts to label the gills of fish with anti-Nkcc1b, anti-Nhe1, anti-Aqp3a 
and anti-Aqp11 were unsuccessful and hence, no co-labelling was performed for 
these antibodies. 
5.1.3.6. Immunofluorescent localization of Ncc with Nkaα1a or Nkaα1c in the 
gills of freshwater (control) fish and after 6 days of exposure to 100 mmol l-1 
NH4Cl 
With the exception of some cells, Ncc was detected on the apical membranes of 
most Nkaα1a-labelled ionocytes in the gills of the freshwater fish (Fig. 60A). Ncc 
expression was also detected in the gills of the ammonia-exposed fish but was 





Fig. 60. Immunofluorescent localization of Na+:Cl- co-transporter (Ncc) and 
Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas testudineus. 
Double immunofluorescence was performed on the gills of A. testudineus kept in 
(A) fresh water (FW; control) using anti-Ncc and anti-Nkaα1a antibodies, or (B) 
after 6 days (d) of exposure to 100 mmol l-1 NH4Cl using anti-Ncc and anti-
Nkaα1a antibodies or (C) after 6 d of exposure to 100 mmol l-1 NH4Cl using anti-
Ncc and anti-Nkaα1c antibodies. Immunofluorescence of anti-Ncc (green) and 
anti-Nkaα1a or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), respectively. 
Both channels (green and red) are merged in (iii) and overlaid with differential 
interference contrast (DIC) image for orientation in (iv). Arrows in (A) (iv) 







5.1.3.7. Immunofluorescent localization of Nkcc1a with Nkaα1a or Nkaα1c in 
the gills of freshwater (control) fish and after 6 days of exposure to 100 mmol 
l-1 NH4Cl 
In the gills of the freshwater fish, Nkcc1a-labelled cells (green) were found to co-
localize with Nkaα1a (red), giving a yellow-orange colour (Fig. 61A). Notably, 
there were some Nkaα1a-labelled ionocytes that did not show any co-localization 
with anti-Nkcc1a. This could suggest the presence of another cell type. Co-
labelling of anti-Nkcc1a with anti-Nkaα1a in the gills of fish exposed to ammonia 
clearly indicated that both proteins were co-expressed in the basolateral 
membranes of the Nkaα1a-labelled ionocytes, with some cells expressing only 
Nkcc1a (Fig. 61B). However, double-labelling of anti-Nkcc1a and anti-Nkaα1c 
revealed that both proteins were present in the membranes of different cell types 
(Fig. 61C).  
5.1.3.8. Immunofluorescent localization of Nkaα1c with Nkcc (T4) in the gills 
of fish after 6 days of exposure to 100 mmol l-1 NH4Cl 
As labelling with anti-Nkcc1b was unsuccessful, a commercially available anti-
Nkcc/Ncc antibody (T4) was used to detect if there are any other isoforms of 
Nkcc1 present in the gills of the fish subjected to 6 days of 100 mmol l-1 NH4Cl. 
Co-labelling of anti-Nkaα1c (green) and anti-Nkcc1/Ncc (red) was 
observed for the gills of fish exposed to high concentrations of environmental 
ammonia, resulting in a yellow-orange colour in the basolateral membranes of 
ionocytes located throughout the secondary lamellae (Fig. 62). This implies that 
the Nkcc1 expressed together with Nkaα1c would most probably be Nkcc1b. 
Notably, there were some cells labelled with only anti-Nkcc1/Ncc and these could 
be the ionocytes expressing Ncc or Nkcc1a.  
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Fig. 61. Immunofluorescent localization of Na+:K+:2Cl- cotransporter 1a 
(Nkcc1a) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Nkcc1a and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl 
using anti-Nkcc1a and anti-Nkaα1a or (C) after 6 d of exposure to 100 mmol l-1 
NH4Cl using anti-Nkcc1a and anti-Nkaα1c antibodies. Immunofluorescence of 
anti-Nkcc1a (green) and anti-Nkaα1a or anti-Nkaα1c (red) antibodies are shown 
in (i) and (ii), respectively. Both channels (green and red) are merged in (iii) and 
overlaid with differential interference contrast (DIC) image for orientation in (iv). 
Co-localization of staining from the green and red channels resulted in a yellow-
orange colouration. Arrows in (A) (iv) indicate the cells that were labelled with 
only Nkaα1a while those in (B) (iv) indicate the cell labelled with only Nkcc1a. 
Magnification: 400×.  
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Fig. 62. Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Na+:K+:2Cl- cotransporter 1 (Nkcc1) in the gills of Anabas testudineus. Double 
immunofluorescence was performed on the gills of A. testudineus after 6 days (d) 
of exposure to 100 mmol l-1 NH4Cl, using anti-Nkaα1c with anti-Nkcc1/Ncc (T4) 
antibodies. Immunofluorescence of anti-Nkaα1c (green) and anti-Nkcc1/Ncc (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 
for orientation in (iv). Co-localization of staining from the green and red channels 




5.1.3.9. Immunofluorescent localization of Nkaα1c with Cftr in the gills of 
fish after 6 days of exposure to 100 mmol l-1 NH4Cl 
Apical staining of Cftr was detected within the Nkaα1c-labelled ionocytes in the 
gills of fish after 6 days of exposure to 100 mmol l-1 NH4Cl (Fig. 63). 
5.1.3.10. Immunofluorescent localization of Rhag with Nkaα1a or Nkaα1c in 
the gills of freshwater (control) fish and after 6 days of exposure to 100 mmol 
l-1 NH4Cl 
Some Rhag was observed to co-localize to the apical membranes of some 
Nkaα1a-labelled ionocytes along the secondary lamellae of the freshwater fish, 
while there were other cells that expressed only Rhag or Nkaα1a (Fig. 64A). 
However, in the gills of fish exposed to ammonia, none of the Rhag-labelled cells 
co-express Nkaα1a (Fig. 64B) but Rhag was found to localize to the apical 
membranes of Nkaα1c-labelled ionocytes, with some cells expressing only Rhag 
(Fig. 64C). 
5.1.3.11. Immunofluorescent localization of Rhbg with Nkaα1a or Nkaα1c in 
the gills of freshwater (control) fish and after 6 days of exposure to 100 mmol 
l-1 NH4Cl 
None of the Nkaα-labelled ionocytes co-localized with Rhbg, and the latter 
appears to be staining some membranous structures throughout the secondary 




Fig. 63. Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
cystic fibrosis transmembrane conductance regulator (Cftr) in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus after 6 days (d) of exposure to 100 mmol l-1 NH4Cl, using anti-
Nkaα1c with anti-Cftr (clone #T24-1) antibodies. Immunofluorescence of anti-
Nkaα1c (green) and anti-Cftr (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Cells that are 
not co-localized with Nkaα1c indicate non-specific staining of erythrocytes. The 
arrow in (iv) indicates the apical staining of Cftr. Magnification: 400×. 
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Fig. 64. Immunofluorescent localization of rhesus blood group-associated 
glycoprotein (Rhag) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills 
of Anabas testudineus. Double immunofluorescence was performed on the gills 
of A. testudineus kept in (A) fresh water (FW; control) using anti-Rhag and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl 
using anti-Rhag and anti-Nkaα1a antibodies or (C) after 6 d of exposure to 100 
mmol l-1 NH4Cl using anti-Rhag and anti-Nkaα1c antibodies. 
Immunofluorescence of anti-Rhag (green) and anti-Nkaα1a or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 
for orientation in (iv). Arrows in (A) (iv) and (C) (iv) indicate the apical 







Fig. 65. Immunofluorescent localization of rhesus family B glycoprotein 
(Rhbg) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Rhbg and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl 
using anti-Rhbg and anti-Nkaα1a antibodies or (C) after 6 d of exposure to 100 
mmol l-1 NH4Cl using anti-Rhbg and anti-Nkaα1c antibodies. 
Immunofluorescence of anti-Rhbg (green) and anti-Nkaα1a or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 







5.1.3.12. Immunofluorescent localization of Rhcg1 with Nkaα1a or Nkaα1c in 
the gills of freshwater (control) fish and after 6 days of exposure to 100 mmol 
l-1 NH4Cl 
Similarly, Rhcg1 labelling was detected throughout the secondary lamellae of the 
gills of both the control fish and ammonia-exposed fish but none were co-
expressed with the Nkaα-labelled ionocytes (Figs. 66A-C).  
5.1.3.13. Immunofluorescent localization of Rhcg2 with Nkaα1a or Nkaα1c in 
the gills of freshwater (control) fish and after 6 days of exposure to 100 mmol 
l-1 NH4Cl 
For the freshwater fish, co-labelling of anti-Rhcg2 (green) with anti-Nkaα1a (red) 
produced a yellow-orange colour, revealing that both proteins were co-expressed 
within the basolateral membranes of the secondary lamellae (Fig. 67A). In 
comparison, double-labelling of anti-Rhcg2 and anti-Nkaα1a revealed that both 
proteins were co-expressed in the basolateral membranes of the same ionocytes in 
the ammonia-exposed fish, with the exception of a few cells that expressed only 
Rhcg2 and not Nkaα1a (Fig. 67B). Rhcg2 was also detected, in the basolateral 
membranes of the ammonia-exposed gills, together with Nkaα1c while there were 
some cells that expressed only Rhcg2 (Fig. 67C). Results from this study showed 
for the first time that Rhcg2 is expressed in two different cell types together with 





Fig. 66. Immunofluorescent localization of rhesus family C glycoprotein 1 
(Rhcg1) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Rhcg1 and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl 
using anti-Rhcg1 and anti-Nkaα1a antibodies or (C) after 6 d of exposure to 100 
mmol l-1 NH4Cl using anti-Rhcg1 and anti-Nkaα1c antibodies. 
Immunofluorescence of anti-Rhcg1 (green) and anti-Nkaα1a or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 







Fig. 67. Immunofluorescent localization of rhesus family C glycoprotein 2 
(Rhcg2) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Rhcg2 and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl 
using anti-Rhcg2 and anti-Nkaα1a antibodies or (C) after 6 d of exposure to 100 
mmol l-1 NH4Cl using anti-Rhcg2 and anti-Nkaα1c antibodies. 
Immunofluorescence of anti-Rhcg2 (green) and anti-Nkaα1a or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 
for orientation in (iv). Co-localization of staining from the green and red channels 
resulted in a yellow-orange colouration. Arrows in (B) (iv) and (C) (iv) indicate 






5.1.3.14. Immunofluorescent localization of Nhe3 with Nkaα1a or Nkaα1c in 
the gills of freshwater (control) fish and after 6 days of exposure to 100 mmol 
l-1 NH4Cl 
Nhe3 was weakly expressed in the Nkaα1a-labelled ionocytes within the gills of 
the freshwater fish (Fig. 68A). As the intensity of Nhe3 (green) was lower than 
that of Nkaα1a (red), co-localization of both proteins produced a red-orange 
colour. Interestingly, results from this study revealed for the first time the 
differential localization of Nhe3 within the Nkaα1a- or Nkaα1c-labelled ionocytes. 
Nhe3 was detected in the basolateral membranes of Nkaα1a (Fig. 68B) and those 
of Nkaα1c (Fig. 68C) in the gills of fish exposed to ammonia. Taken together, this 
can imply that the cells labelled with only Nhe3 in both instances could belong to 
the other cell type.  
5.1.3.15. Immunofluorescent localization of Aqp1aa with Nkaα1a or Nkaα1c 
in the gills of freshwater (control) fish and after 6 days of exposure to 100 
mmol l-1 NH4Cl 
With the exception of some cells expressing either Aqp1aa or Nkaα1a, some 
Aqp1aa was localized to the apical membranes of the Nkaα1a-labelled ionocytes 
in the gills of the freshwater fish (Fig. 69A) and those of the ammonia-exposed 
fish (Fig. 69B). In contrast, Aqp1aa labelling was expressed in a different type of 





Fig. 68. Immunofluorescent localization of sodium/hydrogen exchanger 3 
(Nhe3) and Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas 
testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus kept in (A) fresh water (FW; control) using anti-Nhe3 and anti-
Nkaα1a antibodies, or (B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl 
using anti-Nhe3 and anti-Nkaα1a antibodies or (C) after 6 d of exposure to 100 
mmol l-1 NH4Cl using anti-Nhe3 and anti-Nkaα1c antibodies. 
Immunofluorescence of anti-Nhe3 (green) and anti-Nkaα1a or anti-Nkaα1c (red) 
antibodies are shown in (i) and (ii), respectively. Both channels (green and red) 
are merged in (iii) and overlaid with differential interference contrast (DIC) image 
for orientation in (iv). Co-localization of staining from the green and red channels 
resulted in a red-orange colouration. Arrows in (B) (iv) indicate the cell that is 






Fig. 69. Immunofluorescent localization of aquaporin 1aa (Aqp1aa) and 
Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas testudineus. 
Double immunofluorescence was performed on the gills of A. testudineus kept in 
(A) fresh water (FW; control) using anti-Aqp1aa and anti-Nkaα1a antibodies, or 
(B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl using anti-Aqp1aa and 
anti-Nkaα1a antibodies or (C) after 6 d of exposure to 100 mmol l-1 NH4Cl using 
anti-Aqp1aa and anti-Nkaα1c antibodies. Immunofluorescence of anti-Aqp1aa 
(green) and anti-Nkaα1a or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Arrows in (A) 







5.1.3.16. Immunofluorescent localization of Aqp1ab with Nkaα1a or Nkaα1c 
in the gills of freshwater fish and after 6 days of exposure to 100 mmol l-1 
NH4Cl 
In the gills of the freshwater fish, double-labelling of Aqp1ab (green) with 
Nkaα1a (red) resulted in a red-orange colour due to the low expression of Aqp1ab 
within the basolateral membranes of the ionocytes (Fig. 70A). However, Aqp1ab 
was weakly expressed in the gills of fish exposed to ammonia, and found to co-
express with Nkaα1a (Fig. 70B) but not Nkaα1c (Fig. 70C). 
5.1.3.17. Immunofluorescent localization of Aqp7 with Nkaα1a or Nkaα1c in 
the gills of freshwater fish and after 6 days of exposure to 100 mmol l-1 NH4Cl 
Aqp7 was weakly expressed in the Nkaα1a-labelled ionocytes within the gills of 
the freshwater fish (Fig. 71A). As the intensity of Aqp7 (green) was lower than 
that of Nkaα1a (red), co-localization of both proteins produced a red-orange 
colour. In comparison, staining of Aqp7 was undetectable in the gills of fish 




Fig. 70. Immunofluorescent localization of aquaporin 1ab (Aqp1ab) and 
Na+/K+-ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas testudineus. 
Double immunofluorescence was performed on the gills of A. testudineus kept in 
(A) fresh water (FW; control) using anti-Aqp1ab and anti-Nkaα1a antibodies, or 
(B) after 6 days (d) of exposure to 100 mmol l-1 NH4Cl using anti-Aqp1ab and 
anti-Nkaα1a antibodies or (C) after 6 d of exposure to 100 mmol l-1 NH4Cl using 
anti-Aqp1ab and anti-Nkaα1c antibodies. Immunofluorescence of anti-Aqp1ab 
(green) and anti-Nkaα1a or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Co-
localization of staining from the green and red channels resulted in a red-orange 
colouration. The arrow in (B) (iv) indicates the basolateral localization of Aqp1ab 








Fig. 71. Immunofluorescent localization of aquaporin 7 (Aqp7) and Na+/K+-
ATPase α1a (Nkaα1a) or Nkaα1c in the gills of Anabas testudineus. Double 
immunofluorescence was performed on the gills of A. testudineus kept in (A) 
fresh water (FW; control) using anti-Aqp7 and anti-Nkaα1a antibodies, or (B) 
after 6 days (d) of exposure to 100 mmol l-1 NH4Cl using anti-Aqp7 and anti-
Nkaα1a antibodies or (C) after 6 d of exposure to 100 mmol l-1 NH4Cl using anti-
Aqp7 and anti-Nkaα1c antibodies. Immunofluorescence of anti-Aqp7 (green) and 
anti-Nkaα1a or anti-Nkaα1c (red) antibodies are shown in (i) and (ii), respectively. 
Both channels (green and red) are merged in (iii) and overlaid with differential 
interference contrast (DIC) image for orientation in (iv). Co-localization of 
staining from the green and red channels resulted in a red-orange colouration. 









5.2.1. Differential gene expression within the gills of fish after exposure to 
high concentrations of environmental ammonia 
Air-breathing fishes possess modified gill morphometry and morphology which 
tends to reduce the efficiency of branchial ammonia excretion (Graham, 1997). 
With accessory breathing organs to facilitate oxygen uptake, air-breathing fishes 
like A. testudineus may hold air in their buccal cavity when in water, which 
reduces the rates of ventilation and ammonia excretion over the gills (Graham, 
1997; Chew and Ip, 2014). Ammonia is toxic and therefore, A. testudineus has to 
be equipped with strategies to ameliorate ammonia toxicity during environmental 
ammonia exposure (see Ip and Chew, 2010; Chew and Ip, 2014 for reviews). 
Interestingly, results obtained from the differential transcriptome analysis of the 
gills of A. testudineus exposed to 100 mmol l-1 NH4Cl for 6 days revealed several 
categories of differentially expressed genes encoding proteins that could play a 
crucial role in ameliorating the toxic effects of ammonia. 
5.2.1.1. Changes in genes related to iono- and osmoregulation – active NH4+ 
extrusion 
Exposure to 100 mmol l-1 of NH4Cl in fresh water for 6 days resulted in an 
increase in the abundance of nkaα1c, nkcc1a and cftr transcripts in the gills of A. 
testudineus, with all three genes exhibiting high average coverage and total gene 
reads. More importantly, this could indicate a functional role of these encoded 
proteins in the active excretion of ammonia.  
Loong et al. (2011) demonstrated a significant increase in the mRNA and 
protein expression of nkcc1a/Nkcc1a in the gills of A. testudineus exposed to 6 
days of 100 mmol l-1 NH4Cl. Due to the ability of NH4
+ to substitute for K+ in ion 
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transporters (Binstock and Lecar, 1969), it is probable that NH4
+ enters the 
ionocytes through basolateral Nkcc1a, together with Na+ and Cl-, and actively 
transported across the apical membrane (Loong et al., 2011). Inevitably, this 
would lead to an increase in the concentration of intracellular Na+ which has to be 
removed to maintain ionic homeostasis. As mentioned in Chapter 1 (section 
4.2.1.1), three isoforms of nka α-subunit isoforms have been successfully obtained 
from the gills of A. testudineus. Notably, one of the isoforms, nkaα1c, showed an 
increase in its mRNA expression upon environmental ammonia exposure (Ip et al., 
2012a). Furthermore, significant increases in the overall Nka protein abundance, 
Nka activity and Km for NH4
+ and K+ (with a greater increase for NH4
+) were 
observed for the gills of A. testudineus exposed to 100 mmol l-1 for 6 days. Since 
there is a decrease in the effectiveness of NH4
+ to substitute for K+ in Nka from 
gills of the ammonia-exposed fish, the significant up-regulation in the mRNA 
expression of nkaα1c could serve to remove the excess Na+ that has accumulated 
during the transport of NH4
+ via Nkcc1a. In the process, K+ will also be 
transported in preference to NH4
+, thereby maintaining intracellular Na+ and K+ 
homeostasis. A significant increase was also observed for the mRNA expression 
of cftr in the gills of A. testudineus exposed to 100 mmol l-1 of NH4Cl for 6 days 
(Ip et al., 2012b). Cl- excreted through apical Cftr in the gills of A. testudineus can 
drive the excretion of NH4
+ down the electrical gradient of Cl-, but against the 
NH4
+ concentration gradient, due to the favourable electrical potential (inside 
positive) generated across the apical membrane. Apparently, Cl- will be recycled 
in this proposed model of active NH4
+ excretion with some loss of ions to the 
surrounding fresh water. Ip et al. (2012b) suggested that the loss of Cl- could 
probably be replaced by the re-entry of ions through a basolateral anion 
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transporter or Cl- channel (e.g. Clc-3; Tang et al., 2010; Tang et al., 2011; Tang 
and Lee, 2011; Bossus et al., 2013). Indeed, results here revealed for the first time 
an abundance of clcc1, a type of chloride channel CLIC-like protein, which could 
have equivalent basolateral Cl- transport functions in the gills of the ammonia-
exposed A. testudineus. As for the increased abundance of kcnj2, which encodes 
an inward rectifying K+ channel, in the gills of fish exposed to 100 mmol l-1 
NH4Cl for 6 days, it could function in recycling the K
+ that has entered the 
ionocyte via Nkaα1c during the active excretion of NH4+ (Evans et al., 1999). 
The increased mRNA expression of nkaα1c, nkcc1a and cftr shown in this 
differential transcriptome study corroborates the results of earlier reports from the 
author’s laboratory, further confirming their involvement in the active excretion 
of NH4
+ within the gills of A. testudineus exposed to 100 mmol l-1 of NH4Cl. In 
addition, the abundance of genes encoding Clcc1 and Kcnj2 in the gills of the 
ammonia-exposed fish could suggest that they are working in concert with 
Nkaα1c, Nkcc1a and Cftr to regulate intracellular ionic concentration. 
5.2.1.2. Changes in genes related to acid-base regulation 
The V-ATPase is a multi-subunit enzyme composed of two domains: (1) a 
cytoplasmic V1 domain involved in ATP hydrolysis and (2) a membrane-
embedded V0 domain responsible for H
+ translocation (Inoue et al., 2005; Drory 
and Nelson, 2006). Analysis of the differential transcriptome results showed an 
increase in the mRNA expression of atp6v1b2, atp6v1c1, atp6v1a, atp6v0e1, 
atp6ap1, atp6v0d1 and atp6v1e1 in the gills of the ammonia-exposed A. 
testudineus which would theoretically lead to an increase in the protein abundance 
of these several V-ATPase subunits. On the contrary, there was a decrease in the 
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branchial V-ATPase activity in A. testudineus upon ammonia exposure (Ip et al., 
2012b) and this discrepancy warrants further re-examination.  
It has been established in an earlier study that during active NH4
+ 
excretion, there is an increase in the efflux of HCO3
- which could have led to a 
drop in the blood pH and an increase in the pH of the external environment (Ip et 
al., 2012b). The increase in ambient pH led the authors to postulate that the gills 
of A. testudineus may have a low permeability to NH3 when it is confronted with 
ammonia-loading conditions. More importantly, this will allow the fish to 
maintain a low intracellular ammonia concentration, in an environment with high 
concentrations of ammonia, to facilitate the apical exit of NH4
+ and prevent the 
back diffusion of NH3. Genes functionally annotated to be involved in the 
transport of HCO3
- and are up-regulated in the gills of A. testudineus upon 
environmental ammonia exposure include nbc1, ae1, ca9 and cftr. As discussed in 
section 4.2.1.4, Nbc1 and Ae1 are known to regulate basolateral HCO3
- transport 
in teleost gills. More importantly, the co-transport of HCO3
- and Na+ via 
basolateral Nbc1 could be beneficial for the fish by promoting Na+ absorption to 
maintain intracellular ionic balance. In comparison, apical localization of Ae1 has 
also been observed in the Nka-imunoreactive ionocytes in the gills of two 
freshwater teleosts, coho salmon and tilapia (Wilson et al., 2000; Wilson et al., 
2002). Thus, Ae1 in the gills of A. testudineus exposed to environmental ammonia 
could function in the electroneutral exchange of HCO3
- and Cl- across the apical 
membrane. The Cl- that is transported into the ionocyte could help to replace any 
loss of Cl- to the surrounding medium during active NH4
+ excretion.  
Decreases in the blood pH, concentrations of HCO3
- and total CO2 were 
observed during a measurement of various blood parameters in the ammonia-
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exposed A. testudineus (Ip et al., 2012b). Since Cftr is an ATP-dependent 
transporter known to transport both Cl- and HCO3
- (Xie et al., 2010), extrusion of 
NH4
+ across the apical membrane could be driven by the transport of HCO3
- 
through apical Cftr to reduce the loss of endogenous Cl- (Ip et al., 2012b). HCO3
- 
can be produced within the ionocyte through the catalytic actions of CA/Ca on the 
hydration of expired metabolic CO2 (see Gilmour and Perry, 2009; Gilmour, 2012 
for reviews). Ca plays a critical role in CO2 excretion, systemic acid-base 
regulation and ionic regulation. A cytosolic form (Ca2-like) and a membrane-
bound isoform (Ca15a) are co-expressed in the H+ ATPase-rich ionocytes in 
zebrafish (Lin et al., 2008).  In the trout exposed to high concentrations of 
environmental ammonia, there is a decrease in the mRNA expression and activity 
of ca2/Ca2 (Nawata et al., 2007). A separate study showed that there was no 
significant change in the mRNA expression of ca2 in the NH4HCO3-infused fish 
(Nawata and Wood, 2009). By contrast, there was an increased expression of ca9 
in the gills of A. testudineus subjected to 6 days of 100 mmol l-1 NH4Cl. Notably, 
this current study is most probably the first report of ca9 being expressed in fish 
gills. In mammals, CA9 is expressed as a single-pass transmembrane protein and 
located on the basolateral membrane (Opavsǩy et al., 1996). Assuming that Ca9 
functions via a similar mechanism as most Ca in fish, the HCO3
- generated 
intracellularly can subsequently be removed via apical Ae1 and/or Cftr, providing 
a driving force for the apical exit of NH4
+.  
Taken together, the results strongly suggest that acid-base regulation is 
coupled to ionic regulation and the indirect roles in ammonia transport within the 
gills of A. testudineus may be achieved through the concerted efforts of Ca9, 
basolateral Nbc1 and apical Ae1 and Cftr but not V-ATPase. 
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5.2.1.3. Changes in genes related to energy metabolism  
Similar to high salinity adaptations (see section 4.2.1.6), adaptation to an 
environment with high concentrations of ammonia also necessitates the 
availability of timely and sufficient energy supplies. As seen from the differential 
transcriptomic analysis of the gills of ammonia-exposed A. testudineus, iono- and 
osmoregulation involve a combination of transporters, channels and enzymes 
which require energy sources for their synthesis and optimal operation (see 
Hwang and Lee, 2007; Tseng and Hwang, 2008; Hwang et al., 2011 for reviews). 
More importantly, the branchial transport of NH4
+ across the apical membrane of 
A. testudineus is an active process that is energy-consuming. At present, there is a 
dearth of knowledge on energy metabolism in the gills of A. testudineus, during 
exposure to high concentrations of ammonia, especially concerning the enzymes, 
substrates or transporters involved in supplying energy for various metabolic 
processes. One important finding from this study is the up-regulation of many 
genes, related to energy production, metabolism of carbohydrates, lipids and 
amino acids in the gills of A. testudineus subjected to 100 mmol l-1 NH4Cl for 6 
days. 
5.2.1.3.1. Carbohydrate metabolism  
The importance of carbohydrate metabolism in providing energy substrates for 
iono- and osmoregulation in fish gills have been discussed in section 4.2.1.6.1. 
Genes encoding for Pfkfb3, Hk2 and Glut4 most likely serve similar functions as 
those in the gills of A. testudineus acclimated to seawater by increasing its 
glycolytic capacity and ensuring an effective transport of glucose to the ionocytes 
(see section 4.2.1.6.1). Of note, fbp1 encode one of the key enzymes of 
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gluconeogenesis, and could be crucial in sustaining plasma glucose levels and 
ensuring a balance between glycolysis and gluconeogenesis. Hence, it is logical to 
infer, from the up-regulation of several glycolytic and glucose metabolism-related 
genes (fbp1, pfkfb3, hk2 and glut4), that the glycolytic pathway could be utilized 
by the gills of A. testudineus to meet the energy demands of ion transport during 
exposure to high concentrations of environmental ammonia. 
Genes annotated functionally to be involved in the synthesis of glycogen, 
gyg1 and glut4, showed a higher abundance in the gills of fish exposed to 100 
mmol l-1 of NH4Cl for 6 days. To the best of the author’s knowledge, gyg1 is 
identified for the first time in the gills of fish. GYG/Gyg is a self-glucosylating 
protein that polymerizes glucose molecules to form glycogen (see Roach et al., 
2012 for a review). Two genes that encode for GYG are present in humans with 
GYG1 being more widely expressed (Mu et al., 1997; Roach et al., 2012). In 
humans, mutation of GYG1 results in muscle weakness due to a depletion of 
glycogen levels (Moslemi et al., 2010; Nilsson et al., 2012) while overexpression 
of GYG1 in rat fibroblasts causes an increase in the number of smaller glycogen 
molecules (Skurat et al., 1997). Since the content of glycogen is expected to be 
proportional to the activity of GYG (Shearer et al., 2000), an increase in the 
mRNA expression of gyg1 could lead to an increase in its protein abundance and 
subsequently its enzyme activity and hence, ensure a sufficient supply of glycogen 
stores in the gills of A. testudineus during environmental ammonia exposure. On 
the other hand, the up-regulation of glut4 in the gills of the ammonia-exposed A. 
testudineus could indicate its importance in ensuring effective glucose transport 
for the synthesis of glycogen or to ionocytes to meet the energy demands in fish 
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gills during iono- and osmoregulation (see section 4.2.1.6.1 for a more detailed 
explanation). 
5.2.1.3.2. Amino acid metabolism  
Increases in the mRNA expression of gs and bhmt were observed in the gills of A. 
testudineus following 6 days of exposure to 100 mmol l-1 NH4Cl. Both genes have 
been discussed in detail in section 4.2.1.6.2. The amino acids synthesized in the 
process could serve as supplementary sources of energy for iono- and 
osmoregulation in the gills of the ammonia-exposed fish. Similar to glucose, 
amino acids have to be transported efficiently to ionocytes. Since SLC6 and SLC7 
protein families are known to transport amino acids in mammals (see section 
4.2.1.6.2) and assuming that the mechanisms of amino acids transport are similar 
for fish gills, the increased mRNA expression of slc6a15 and slc7a2 could be 
important for enhancing the transport of specific amino acids to provide additional 
energy to the environmentally stressed fish. Another amino acid transporter 
encoded by slc43a2 was also functionally annotated within the same category of 
transport of L-amino acids. The family of SLC43 amino acid transporters has only 
three members: SLC43A1, SLC43A2 and SLC43A3, with SLC43A2 mediating 
the Na+-independent transport of the L-isomers of leucine, phenylalanine, 
isoleucine, valine and methionine (see Bodoy et al., 2013 for a review). Thus far, 
this is a first report of a Slc43 member in fish gills and hence its roles in amino 
acid transport in gills of teleost still remains an enigma. 
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5.2.1.3.3. Lipid metabolism  
Other than carbohydrates and amino acids, lipids are rich energy sources and its 
metabolism can serve as a compensatory mechanism when energy needs are high 
(see section 4.2.1.6.3). Analysis of various genes under this category revealed an 
increase in the mRNA expression of slc27a6, ppara and pparg in the gills of A. 
testudineus after 6 days of exposure to 100 mmol l-1 NH4Cl. slc27a6 and ppara 
have been discussed in section 4.2.1.6.3 and will not be elaborated further. In 
mammals, PPARγ stimulates the differentiation of preadipocytes or fibroblasts 
into adipocytes (Schoonjans et al., 1996; Fajas et al., 1998; Roberts-Thomson, 
2000), induces adipogenesis (Schoonjans et al., 1996; Brun et al., 1996; Fajas et 
al., 1998; Roberts-Thomson, 2000) and has an effect on fatty acids storage in the 
adipose tissue (Kersten et al., 2000). Therefore, the increase in the mRNA 
expression of slc27a6, ppara and pparg in the gills of A. testudineus exposed to 6 
days of 100 mmol l-1 NH4Cl, could serve as a necessary preparatory measure to 
cater for the uptake of fatty acids and enhance the transport of lipids to ionocytes 
during environmental ammonia exposure. 
5.2.1.4. Changes in genes related to apoptosis  
An examination of the genes within the functional category of apoptosis revealed 
that many apoptosis-related genes were down-regulated in the gills of the 
ammonia-exposed A. testudineus. In order to maintain a proper regulation of 
apoptosis, equilibrium has to be achieved between cell proliferation and cell death, 
with the pro-apoptotic and anti-apoptotic processes regulated tightly by various 
mechanisms. Two pro-apoptotic genes, casp6 and card9, and one anti-apoptotic 
gene, api5, were found to be abundant in the gills of A. testudineus in fresh water 
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(see section 4.2.1.7 for a discussion on casp6 and card9). API5 is a nuclear 
protein and has anti-apoptotic properties when there is a shortage of growth 
factors (Tewari et al., 1997). More importantly, API5 plays a key role in many 
types of human carcinoma in vivo. A significant upregulation in the protein 
expression of API5 was observed in the biopsies of colorectal and lung tumours 
(Koci et al., 2012) and in tissue specimens of human cervical cancer (Cho et al., 
2014). However, most of the freshwater-type ionocytes would have been removed 
by apoptosis and replaced with ammonia-type ones by the sixth day of 
environmental ammonia exposure as indicated by the extensive TUNEL-positive 
apoptosis detected in the gills of A. testudineus after 3 days of exposure to 100 
mmol l-1 NH4Cl (Chen and Ip, unpublished results; Fig. 72). Taken together, due 
to the oncogenic roles that api5 possesses and a reduced need for extensive 
apoptosis to occur on the sixth day, it is logical that A. testudineus down-regulates 
the expression of casp6, card9 and api5 at the mRNA level.  
Apoptotic volume decrease (AVD), which involves a rapid decrease in the 
cell volume, needs to occur during apoptosis (Hwang et al., 2012) and membrane 
expression of several AQP has been correlated with the AVD process (Jablonski 
et al., 2004; Jablonski et al., 2007). Hwang et al. (2012) concluded that AQP3 has 
an apoptotic role in prostate cancer while AQP3 has an important role in 
maintaining intestinal homeostasis through the proper regulation of intestinal 
epithelial cell proliferation and apoptosis (Morgan et al., 2015). Thus, the 
abundance of aqp3a transcripts in the gills of A. testudineus in freshwater could 
serve to regulate the apoptotic processes within the branchial epithelium through 





Fig. 72. TUNEL assay for determination of apoptotic cells in the gills of 
Anabas testudineus. Apoptotic cells are indicated by TUNEL-positive nuclei 
(green) in the gills of A. testudineus kept in (A) fresh water (FW; control) or after 
(B) 1 day (d), (C) 3 d and (D) 6 d of exposure to 100 mmol l-1 NH4Cl.  All 





5.2.1.5. Changes in genes related to cell proliferation, differentiation, 
maturation and morphology 
Members of the SOX family of transcription factors contain a HMG signature 
motif for DNA binding and participate in a diverse range of developmental 
processes (Bowles et al., 2000). Genes encoding for Sox2 and Sox8 were 
identified for the first time in the gills of A. testudineus exposed to high 
concentrations of environmental ammonia and were more abundantly expressed in 
the gills of the freshwater fish. In mammals, SOX genes are divided into eight 
groups with SOX2 and SOX8 present in groups B and E, respectively (Bowles et 
al., 2000). Transcription factors within the SOXB family are important for normal 
developmental timing during early fish development (Onichtchouk et al., 2010) 
while Sox8 was reported to be one of the potential modulators of Aqp1ab 
synthesis during oocytes development in the seabream (Zapata et al., 2013). 
Therefore, the reduced mRNA expression of stat1, stat4, foxo1, prlr, sox2 and 
sox8 in the gills of ammonia-exposed A. testudineus could suggest a defence 
mechanism against uncontrolled cell proliferation and differentiation (see section 
4.2.1.8 for a detailed discussion of stat1, stat4, foxo1 and prlr). It is also highly 
likely that the cells within the gills of A. testudineus have been sufficiently and 
optimally replaced with ionocytes responsible for active ammonia excretion.  
5.2.2. Identification of ion transporters involved in the active excretion of 
ammonia 
Unlike most ammonotelic fishes that excrete the majority of ammonia as NH3 
across the branchial epithelium down a favourable PNH3 gradient (Evans et al., 
2005), A. testudineus has the extraordinary ability to actively excrete ammonia 
against an unfavourable PNH3 and NH4
+ gradient (Tay et al., 2006). This is 
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especially important in the presence of high concentrations of environmental 
ammonia where active ammonia transport across the apical membrane will serve 
to efficiently remove ammonia and yet able to help the fish maintain a low 
concentration of ammonia intracellularly. Results from this study revealed for the 
first time the presence of two distinct types of ionocytes, Nkaα1a- and Nkaα1c-
labelled, in the gills of A. testudineus exposed to 6 days of 100 mmol l-1 NH4Cl. 
Therefore, the author proceeded to identify the different types of ion transporters 
that are co-expressed with Nkaα1a or Nkaα1c in the same type of ionocytes, with 
the aim to elucidate the mechanisms of active ammonia excretion in the gills of A. 
testudineus exposed to high concentrations of environmental ammonia. 
5.2.2.1. Different types of cation chloride cotransporter present in the gills of 
A. testudineus exposed to high concentrations of environmental ammonia 
Three different cation chloride cotransporters (Ncc, Nkcc1a and Nkcc1b) were 
present in the gills of A. testudineus (see section 4.2.2.1). Interestingly, 
environmental ammonia exposure resulted in a significant increase in the mRNA 
expression of all three forms. To the best of the author’s knowledge, this is a first 
study to reveal the unique localization of Ncc, Nkcc1a and Nkcc1b within the 
gills of an ammonia-exposed fish at the protein level. Ncc is usually localized to 
the apical membranes of ion-absorptive ionocytes in the gills of the freshwater 
fish (see Hwang and Lee, 2007; Hwang et al., 2011 for reviews). By contrast, Ncc 
was not localized to the membranes of any of the Nkaα-labelled ionocytes in the 
gills of the ammonia-exposed A. testudineus. This could suggest that the broadly-
distributed and non-specific staining of Ncc may facilitate the transport of Na+ 
and Cl- in other non-ionocyte cell types (e.g. pavement cells) or have some other 
functions that have yet to be identified.  
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Notably, Nkcc1a and Nkcc1b were found to be expressed in distinct cell 
types within the gills of the ammonia-exposed A. testudineus. Nkcc1a was present 
on the basolateral membranes of the Nkaα1a-labelled ionocytes but not those that 
were labelled with Nkaα1c. This is in contrast to what was reported earlier where 
NH4
+ was believed to have entered through the basolateral Nkcc1a in an 
ammonia-type ionocyte that expressed Nkaα1c predominantly (Loong et al., 2011; 
Ip et al., 2012a; see section 5.2.1.1). As immunofluorescence staining was 
unsuccessful for Nkcc1b, double labelling was performed for anti-Nkcc1/Ncc (T4; 
from mouse) and anti-Nkaα1c (from rabbit) to determine if other isoforms of 
Nkcc1, besides Nkcc1a, were expressed in the gills of A. testudineus exposed to 
ammonia. Indeed, localization studies revealed for the first time the presence of 
another isoform of Nkcc1 (most probably Nkcc1b) targeted to the basolateral 
membranes of the Nkaα1c-labelled ionocytes. No attempt was made to double-
label anti-Nkcc1/Ncc (T4) with anti-Nkaα1a because both antibodies were raised 
in mouse. More importantly, Cftr was also expressed on the apical membranes of 
the Nkaα1c-labelled ionocytes. Taken together, it is logical to deduce that the ion-
secretory Nkaα1c-labelled ionocytes in the gills of the seawater-exposed A. 
testudineus also participates in active NH4
+ excretion, but with a different isoform 
of Nkcc1, i.e. Nkcc1b, being involved. Results obtained from this study revealed 
for the first time that the Nkaα1c-labelled ionocytes, together with Nkcc1b and 
Cftr, constitute the ammonia-type ionocytes largely responsible for the active 
excretion of ammonia in the gills of A. testudineus (see sections 5.2.1.1 and 
5.2.1.2 for the proposed mechanism; Fig. 73). 
The blood plasma of A. testudineus in fresh water has an osmolality of 
around 300 mosmol l-1 (Chang et al., 2006) while the osmolality of fresh water 
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containing 100 mmol l-1 of NH4Cl is around 180 mosmol l
-1.  Hence, when A. 
testudineus is subjected to 100 mmol l-1 of NH4Cl, it will inevitably face an influx 
of water due to the difference in osmotic stress. Therefore, hyperosmotic 
regulatory mechanisms would be necessary to maintain ionic and osmotic 
homeostasis. Since Nkcc1 can also function as water pumps (see section 4.2.2.1), 
the basolateral Nkcc1a that was expressed within the Nkaα1a-labelled ionocyte 
could be important for cell water volume control (Fig. 74). Furthermore, Nkcc1a 
can help regulate water transport within the ionocytes of A. testudineus by 
working together with Aqp1aa (see section 5.2.2.6). This would help to mitigate 
any potential osmotic problems that A. testudineus may encounter in the presence 




Fig. 73. Proposed model of an ammonia-type ionocyte (Nkaα1c-labelled) in 
the gills of Anabas testudineus involved in active NH4+ excretion. Cftr, cystic 
fibrosis transmembrane conductance regulator; Nkaα1c, Na+/K+-ATPase α1c; 





























Fig. 74. Proposed model of an ammonia-type ionocyte (Nkaα1a-labelled) in 
the gills of Anabas testudineus involved in water transport. Nkaα1a, Na+/K+-



























5.2.2.2. Possible roles of Rhag and Rhcg2 in active NH4+ excretion 
Previous studies have shown that environmental ammonia exposure triggers an 
up-regulation of Rh glycoprotein mRNA expression in zebrafish embryos and 
larvae (Braun et al., 2009) and the gills of the mangrove pufferfish (Nawata et al., 
2010), killifish (Hung et al., 2007) and rainbow trout (Nawata et al., 2007; Wood 
and Nawata, 2011). Ammonia infusion results in increases in plasma ammonia 
concentration and ammonia excretion rate, and upregulation in the mRNA 
expression of branchial rhbg and rhcg2 in trout (Nawata and Wood, 2009). 
Similarly, mRNA expression of rhbg and rhcg2 are up-regulated in cultured trout 
gill cells after exposure to ammonia (Tsui et al., 2009). Thus the above studies 
collectively suggest that Rhbg and Rhcg2 appear to be the key players in passive 
ammonia excretion when plasma ammonia levels are elevated in the freshwater 
rainbow trout. 
For A. testudineus, significant increases in the mRNA expression were 
observed for rhbg and rhcg2 during transient periods (1 day and 3 days) of 
environmental ammonia exposure while rhcg1 showed a significant increase in its 
mRNA expression during prolonged periods (6 days) of environmental ammonia 
exposure. By contrast, rhag decreased significantly on the sixth day of ammonia 
exposure. Therefore, it can be inferred that Rhbg and Rhcg2 may have a 
functional role in active NH4
+ excretion during early exposure to environmental 
ammonia, with Rhcg1 taking over the role after prolonged periods of ammonia 
exposure. 
However, findings obtained from the immunolocalization of the Rh 
glycoproteins on the gills of the ammonia-exposed A. testudineus revealed that 
only Rhag and Rhcg2 were expressed within the ammonia-type ionocytes. Rhag 
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was expressed on the apical membranes of Nkaα1c-labelled ionocytes while 
Rhcg2 was localized to the basolateral membranes of both Nkaα1a- and Nkaα1c-
labelled ionocytes. Thus far, there are no reports of Rhag being targeted to the 
apical membranes of ionocytes in fish gills. In the goldfish, Rhag appears to be 
present in the pillar cells, the lamellar epithelial cells and the outer edge of the 
interlamellar cell mass enriched with Nka (Perry et al., 2010) while Rhag is found 
on both the apical and basolateral membranes of the pillar cells in the pufferfish 
(Nakada et al., 2007a). Rhag within the gills of the zebrafish seems to be 
surrounding the lamellar blood spaces and the authors proposed that Rhag may in 
fact be localized to pillar cells (Braun et al., 2009a).  
Since Nkaα1c-labelled ionocyte has been established to be the cell type 
that is responsible for the active excretion of ammonia in the gills of A. 
testudineus (see section 5.2.2.1), it is highly probable that Rhag could be the 
possible candidate for an apical NH4
+ transporter. In human erythrocytes, 
modulation of the transport of HCO3
- and possibly NH4
+ is achieved through an 
integral membrane complex which comprises of Rh protein, band 3 and ankryin 
(Nicolas et al., 2006). Hence, it is logical to infer that the apical exit of HCO3
- via 
Cftr could drive the electrogenic transport of NH4
+ across the apical Rhag against 
a concentration gradient. NH4
+ could substitute for K+ and enter the ionocytes 
through Nkcc1b or transported via Rhcg2 since both Nkcc1b and Rhcg2 are 




Fig. 75. Proposed models of an ammonia-type ionocyte (Nkaα1c-labelled) in 
the gills of Anabas testudineus involved in active NH4+ excretion. NH4
+ could 
enter the basolateral membrane though (A) Nkcc1b and/or (B) Rhcg2. Model 
depicted in Fig. 75 (A) is an extension of Fig. 72. Cftr, cystic fibrosis 
transmembrane conductance regulator; Nkaα1c, Na+/K+-ATPase α1c; Nkcc1b, 
Na+:K+:2Cl- cotransporter 1b; Rhag, rhesus blood group-associated glycoprotein; 

































































5.2.2.3. Do Rh glycoproteins in A. testudineus transport ammonia as NH3 or 
NH4+ when exposed to high concentrations of environmental ammonia? 
In order for the transport of Cl- or HCO3
- to provide an electrical driving force for 
the active excretion of ammonia in the gills of A. testudineus (see sections 5.2.1.1 
and 5.2.1.2), the species of ammonia transported across the apical membrane has 
to be of the cationic form (NH4
+). AmtB in Escherichia coli is a homolog of Rh 
glycoproteins and its high resolution crystal structure has been resolved (Khademi 
et al., 2004) based on which many Rh glycoproteins were regarded as NH3 
transporters in fish (see Wright and Wood, 2009; Hwang et al., 2011 for reviews). 
However, a functional study of AmtB mutants suggests that AmtB may transport 
NH4
+ instead of NH3 (Fong et al., 2007). More importantly, recent studies on 
AmtB revealed that a hydrophobic pore (Loqué et al., 2009) and deprotonation of 
NH4
+ (Hall and Kustu, 2011) were not absolute requirements for ammonia 
transport, implying that NH4
+, instead of NH3, could be the permeating ammonia 
species.  
AMTs are involved in the intake and accumulation of NH4
+ in the cells of 
A. thaliana and Solanum lycopersicum (Ludewig et al., 2002; Loqué et al., 2006; 
Mayer et al., 2006a; Mayer et al., 2006b), with NH4
+ being the only transported 
species in LeAMT1;2 from S. lycopersicum (Mayer et al., 2006b). TaAMT1;1 
from wheat expressed in Xenopus oocytes showed activation of inward currents 
by NH4
+ or CH3NH3
+ (Søgaard et al., 2009). Measurements using radio-labelled 
uptakes and two-electrode voltage clamp detected a 5-fold increase in currents 
when ambient pH was decreased from 7.4 to 5.5. In addition, the uptake of radio-
labelled CH3NH3




+ were diminished and pH sensitivity eliminated 
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upon a point mutation in the cytoplasmic region of TaAMT1;1. These 
observations collectively led the authors to elucidate that NH4
+ was transported as 
NH3 and H
+ through separate pathways but recombine before leaving the 
TaAMT1;1 in wheat.  
Of note, it has been established that some Amt can transport NH4
+ against 
a concentration gradient (Kleiner and Fitzke, 1981; Boussiba et al., 1984;) and 
electrically driven NH4
+ transport through AMTs has been demonstrated in A. 
thaliana (Mayer and Ludewig, 2006). When NH4
+ is in need, the strongly 
negative membrane potential of cells in the roots of A. thaliana can drive a more 
than 100-fold accumulation of NH4
+ across AtAMT1;1 in the plasma membrane 
(Mayer and Ludewig, 2006). AtAMT1;1 has a high affinity for NH4
+, which could 
be an adaptation to low ammonia concentrations in the soil. Additionally, it has a 
low transport capacity for NH4
+, which could be an adaptation to prevent excess 
ammonia transport and avoid ammonia cytotoxicity.  
For 100 mmol l-1 NH4Cl at pH 7.0, the concentrations of NH4
+ and NH3 in 
the external medium were calculated as 99.1 mmol l-1 and 0.91 mmol l-1, 
respectively (Chew and Ip, personal communication).  Since the plasma pH of A. 
testudineus is 7.6 as reported by Ip et al. (2012b), the plasma NH4
+ and NH3 
concentrations of A. testudineus exposed to 100 mmol l-1 NH4Cl for 6 days were 
estimated to be 2.25 mmol l-1 and 0.15 mmol l-1, respectively. Thus, A. testudineus 
will be confronted with steep inwardly directed gradients of NH4
+ and NH3 when 
exposed to 100 mmol l-1 NH4Cl. Therefore, it is only logical that Rhag in the gills 
of A. testudineus facilitates the active transport of NH4
+ when the fish is exposed 
to high concentrations of environmental ammonia. If Rhag were to support the 
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transport of NH3 in this instance, the presence of an inwardly directed gradient of 
NH3 will result in its back flux into the ionocytes. 
In addition to earlier studies which demonstrated NH4
+ transport by 
RhAG/Rhag (see section 4.2.2.3.2), functional studies in recent years have also 
provided evidence for the role of Rh glycoproteins in NH4
+ transport (see review 
by Nakhoul and Hamm, 2014). Expression of pufferfish Rhag, Rhbg, Rhcg1 and 
Rhcg2 in Xenopus oocytes mediates transport of methylammonium (Nakada et al., 
2007b). In another study using oocytes expressing RhAG, a decrease in 
intracellular pH and depolarization of the cell were detected, indicating net NH4
+ 
transport (Stewart et al., 2011). Using ion-selective microelectrodes and two-
electrode voltage clamps, Caner and authors recorded changes in whole cell 
currents, surface pH and intracellular pH induced by NH3/NH4
+ and methyl 
amine/methyl ammonium in Xenopus oocytes expressing RhAG, RhBG and 
RhCG (Caner et al., 2015). Their results indicated that RhAG and RhBG transport 
both NH4
+ and NH3 and that the transport of NH4
+ is electrogenic and not coupled 
to H+ efflux.  
Since Rhag has been proposed to mediate the transport of NH3 and/or 
NH4
+ across the apical membranes of the freshwater-type and seawater-type 
ionocytes (see section 4.2.2.3.2) and supports the active transport of NH4
+ in the 
ammonia-type ionocyte, it can be inferred that Rhag may indeed function as a 
dual transporter for NH3 and NH4
+ in the gills of A. testudineus. More importantly, 
results obtained from this study strongly indicate for the first time that Rhag 
present on the apical membranes of the Nkaα1c-labelled ionocytes is most likely 
the apical transporter responsible for active NH4
+ excretion within the gills of the 
ammonia-exposed A. testudineus. 
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5.2.2.4. Involvement of Rh glycoproteins in CO2 transport 
Significant CO2 permeability has been demonstrated for human RhAG, RhBG 
and RhCG when expressed in Xenopus oocytes (Geyer et al., 2013). NH3 has been 
proposed to move through the monomeric pores of AmtB and RhAG while CO2 
could enter through the hydrophobic central pore of the trimeric protein (Musa-
Aziz et al., 2009). Bakouh et al. (2006) reported an increase in CO2 permeability 
within the oocytes expressing Rhcg compared to water-injected oocytes. In fish, 
there are currently two reports suggesting the role of Rh glycoproteins in CO2 
transport. rhag mRNA expression in the erythrocytes of rainbow shows a 
differential response in the presence of high CO2 and ammonia levels (Nawata 
and Wood, 2008). In a separate study, Perry et al. (2010) reported that both 
ammonia excretion and relative CO2 excretion were inhibited in the larval 
zebrafish after translational knockdowns of Rhbg and Rhcg expression. 
Furthermore, a simultaneous reduction in ammonia excretion was detected in the 
adult zebrafish after a treatment that resulted in the sudden washout of CO2 (Perry 
et al., 2010). These studies collectively suggest that Rh glycoproteins can have a 
dual role in the transport of both CO2 and ammonia.  
Therefore, the Rhcg2 that was expressed together with Nkaα1a on the 
basolateral membranes (Fig. 90) might mediate the transport of CO2 across the 
ionocytes which could subsequently be removed by apical Aqp1aa (see section 
5.2.2.6). The unique distribution of Rhbg and its possible function has been 
discussed in section 4.2.2.3.3. Interestingly, Rhcg1 was also not co-localized with 
any Nkaα-labelled ionocytes within the gills of ammonia-exposed A. testudineus. 
Hence, Rhbg and Rhcg1 may work in concert to regulate the transport of 
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ammonia and/or CO2 in non-ionocyte cells, e.g. pavement cells or they may 
possess other novel transport functions that have yet to be elucidated.  
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Fig. 76. Proposed model of an ammonia-type ionocyte (Nkaα1a-labelled) in 
the gills of Anabas testudineus involved in the transport of CO2. Nkaα1a, 
Na+/K+-ATPase α1a; Rhcg2, rhesus family C glycoprotein 2.  (Based on results 















5.2.2.5. Active NH4+ excretion in the gills of A. testudineus is unlikely to be 
facilitated by Nhe3 
In the model of ammonia transport proposed for the gills of the pufferfish 
subjected to high concentrations of environmental ammonia (1 and 5 mmol l-1 
NH4HCO3), ammonia excretion is mainly mediated by the basolateral transport of 
NH4
+ via Nka and/or Nkcc1 (with NH4
+ substituting for K+) and extruded apically 
through Rhcg1 (Nawata et al., 2010). Back flux of ammonia is minimized through 
the acidification of the apical surface by H+ secretion from H+-ATPase and Nhe3. 
However, Nhe3 is unlikely to play a significant role in ammonia transport within 
the gills of A. testudineus. With the exception of a significant decrease on the third 
day of ammonia exposure, there were no significant changes in its mRNA 
expression. Furthermore, the copy numbers of nhe3 were present in very low 
amounts (< 30 copies per ng cDNA) within the gills of A. testudineus and were 
unlikely to be physiologically significant. In order for H+-mediated ammonia 
transport to occur, the apical surface has to be acidified and this requires Nhe3 to 
be expressed on the apical membranes of the ionocytes. However, Nhe3 is 
expressed weakly on the basolateral membranes of both the Nkaα1a-labelled and 
Nkaα1c-labelled ionocytes of the ammonia-exposed fish (Fig. 77). The absence of 
Nhe3 on the apical membranes of the ionocytes could also indirectly account for 
the increased ambient pH compared to the blood pH of A. testudineus (Ip et al., 
2012b). Nhe3 is usually located on the apical membranes of ionocytes in fish gills 
and basolateral localization of Nhe3 in fish gills has not been confirmed thus far 
(see section 4.2.2.4). Hence, the author postulated that the basolateral Nhe3, co-
expressed with Nkaα1a or Nkaα1c, in the gills of A. testudineus could serve to 
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regulate blood pH balance through the transport of H+ into the blood in exchange 
for the uptake of Na+ into the cell. 
The mRNA expression of nhe1, on the other hand, showed a significant 
increase in the gills of A. testudineus during environmental ammonia exposure. 
However, due to the absence of information on its protein localization 
(immunofluorescence microscopy with anti-Nhe1 was unsuccessful in this study), 
its exact role in active NH4




Fig. 77. Proposed models of ammonia-type ionocytes (Nkaα1a- and Nkaα1c-
labelled) in the gills of Anabas testudineus involved in acid-base regulation. 
Nkaα1a-labelled ionocyte is shown in (A) while the Nkaα1c-labelled ionocyte is 
shown in (B). Nkaα1a, Na+/K+-ATPase α1a; Nkaα1c, Na+/K+-ATPase α1c; Nhe3, 






































5.2.2.6. Roles of Aqp in the transport of gases 
Aqp can support significant fluxes of NH3 and CO2 in addition to water transport 
(see section 4.2.2.6) and thus, in an environment with elevated concentrations of 
ammonia, a net influx of ammonia into the fish can occur. This will impair 
ammonia excretion which can subsequently lead to convulsions and death. Ip et al. 
(2013) reported a significant decrease in the mRNA expression of aqp1aa in the 
gills of A. testudineus upon exposure to 100 mmol l-1 NH4Cl for 6 days. In 
addition, the mRNA expression levels of the other aqp isoforms (aqp1ab, aqp3a, 
aqp7 and aqp11) were down-regulated significantly or remained unchanged upon 
environmental ammonia exposure. Taken together, the decreased expression of 
the various aqp isoforms could serve as a crucial defence mechanism to prevent 
excessive influx of ammonia through the Aqp proteins. 
Of all the Aqp isoforms analyzed, localization information was only 
obtained for Aqp1aa and Aqp1ab within the gills of A. testudineus. Aqp1aa was 
detected on the apical membranes while Aqp1ab was expressed on the basolateral 
membranes of Nkaα1a-labelled ionocytes. The expression of Aqp7, on the other 
hand, was undetectable in the gills of A. testudineus exposed to ammonia. The 
function of Aqp within the gills of A. testudineus is unlikely to be for the transport 
of NH3 as this will only lead to ammonia loading due to the inwardly-directing 
NH3 gradient (see 5.2.2.3). Hence, Aqp1aa and Aqp1ab could assist in 
maintaining the blood pH by facilitating the transport of CO2 from the blood to 
the external environment (Fig. 78A). As mentioned in sections 5.2.2.1 and 5.2.2.4, 
Aqp1aa could also play an important role in the apical transport of water and CO2 




Fig. 78. Proposed models of an ammonia-type ionocyte (Nkaα1a-labelled) in 
the gills of Anabas testudineus involved in the transport of CO2 or water. (A) 
Involvement of Aqp1aa and Aqp1ab in CO2 transport. (B) Involvement of Aqp1aa 
in water transport. This model is an extension of Fig. 74. (C) Involvement of 
Aqp1aa and Rhcg2 in CO2 transport. This model is an extension of Fig. 75. 
Nkaα1a, Na+/K+-ATPase α1a; Nkcc1a, Na+:K+:2Cl- cotransporter 1a, Rhcg2, 
rhesus family C glycoprotein 2; Aqp1aa, aquaporin 1aa; Aqp1ab, aquaporin 1ab.  


























































Using next-generation sequencing, differential gene expression of specific groups 
with functions in iono- and osmoregulation, acid-base regulation, energy 
metabolism, apoptosis, cellular proliferation, cellular development and cell 
morphology were identified in the gills of A. testudineus exposed to high 
concentrations of environmental ammonia. Strategies adopted by A. testudineus to 
ameliorate the toxic effects of ammonia involve an up-regulation in transcripts 
encoding proteins with predicted functions related to the active transport of NH4
+ 
(nkaα1c, nkcc1a, cftr and clcc1), K+ recycling (kcnj2), acid-base regulation 
(several subunits of V-ATPase, nbc1, ae1, ca9 and cftr), glycolysis and 
gluconeogenesis (fbp1, pfkfb3, hk2 and glut4), glycogen metabolism (gyg1 and 
glut4), amino acid metabolism (gs, bhmt, slc6a15, slc7a2 and slc43a2) and lipid 
metabolism (slc27a6, ppara and pparg). These collectively suggest that the 
branchial transport of NH4
+ is an active process that necessitates the availability of 
sufficient and timely energy supplies. However, various gene clusters with 
functions associated with cellular processes were more abundantly expressed in 
the gills of the freshwater fish. Functional categories include apoptosis (casp6, 
card9, api5 and aqp3a), cell proliferation, differentiation, maturation and 
morphology (stat1, stat4, foxo1, prlr, sox2 and sox8), suggesting a reduced need 
for extensive apoptosis and at the same time, prevent any uncontrolled cell 
proliferation and differentiation. 
Notably, an increase in the abundance of nkaα1c, nkcc1a and cftr were 
observed in the gills of A. testudineus exposed to 100 mmol l-1 of NH4Cl for 6 
days. Immunofluorescence studies offered new insights and revealed for the first 
time the presence of two distinct ammonia-type ionocytes, Nkaα1a- and Nkaα1c-
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labelled, in the gills of A. testudineus. Interestingly, the ion-secretory Nkaα1c-
labelled ionocytes in the gills of the seawater-exposed A. testudineus also 
participates in active NH4
+ excretion, but with a different isoform of Nkcc1, 
Nkcc1b, being involved. In addition, protein localization studies strongly indicate 
for the first time that Rhag could be the apical transporter that participates in the 
active excretion of NH4
+. NH4
+ could substitute for K+ and enter the ionocytes 
through Nkcc1b or transported via Rhcg2 as both transporters are expressed 
together with Nkaα1c on the basolateral membranes.  
The Nkaα1a-labelled ionocytes could, on the other hand, be specific for 
the transport of water and CO2. Water transport within the gills of the ammonia-
exposed fish is most likely carried out by basolateral Nkaα1a and Nkcc1a coupled 
with apical Aqp1aa. Rhcg2 or Aqp1ab that was expressed together with Nkaα1a 
on the basolateral membranes might mediate the transport of CO2 across the 
ionocytes which could subsequently be removed by apical Aqp1aa. Finally, 
mRNA expression and immunofluorescence results revealed that Nhe3 is unlikely 
to be involved in active NH4
+ excretion. However, the basolateral Nhe3 co-
expressed with Nkaα1a or Nkaα1c could suggest their importance in regulating 
blood pH balance through the transport of H+ into the blood in exchange for the 
uptake of Na+ into the cell. 
In conclusion, the results obtained signify the importance of several 
differentially expressed gene categories with diverse functions that could serve an 
adaptive response for A. testudineus during environmental ammonia exposure. 
More importantly, the transporter for the excretion of NH4
+ across the apical 
membranes of the ionocytes in A. testudineus exposed to high concentrations of 
environmental ammonia has been successfully characterized as Rhag and the 
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process could be driven by the electrical potential generated by the transport of 
HCO3




6. CHAPTER 3 – Adaptation to terrestrial exposure 
6.1. Results 
6.1.1. Sequencing and de novo assembly of freshwater and land gill 
transcriptome 
Two cDNA libraries were prepared from the gill tissues of A. testudineus kept in 
fresh water or subjected to terrestrial conditions for 2 days. After quality checks, a 
total of 87.9 million paired reads and 79.5 million paired reads were obtained 
from the freshwater and land cDNA libraries, respectively. Due to the absence of 
a reference genome for A. testudineus, de novo assembly of the gill transcriptome 
was performed using a total of 167.4 million paired reads combined from both the 
freshwater and land gill libraries (Table 13). This serves as a reference for 
subsequent read mapping and functional annotation.  
A total of 149, 164 contigs were assembled which corresponds to a total 
contig length of approximately 127.5 million bp (Table 13). The length of the 
contigs obtained ranged from 200 bp to 23, 557 bp, with an average length of 855 
bp and a N50 length of 1, 584 bp (Table 13; Fig. 79A). Approximately 15% of the 
contigs had an average coverage of 100-fold or greater, and 30% of them had an 
average coverage of 20-fold or greater, while the remaining had less than 20-fold 
average coverage (Fig. 79B). The contig counts increased gradually (0.8% - 4.8% 
for every cumulative 10-fold increase in coverage) for contigs with an average 
coverage of 20- to 100-fold. However, a steeper increase in contig counts (11% - 
58% for every cumulative 10-fold increase in coverage) was observed when the 




Table 13. Summary statistics of the combined transcriptome of the gills of 
Anabas testudineus kept in fresh water (FW) or exposed to 
terrestrial conditions (LD) for 2 days. Overview of sequencing 
outputs and de novo assembly of the combined FW and LD gill 
transcriptome using 2×101-bp paired-end reads from FW and LD gill 
libraries. 
Summary statistics Combined FW and LD gill libraries 
Number of paired end reads 167.4 million 
Number of bases 33.8 billion 
Number of assembled contigs 149, 164 
Average contig length (bases)  855 
Minimum contig length (bases) 200 
Maximum contig length (bases)  23, 557 
N50 contig length (bases)  1, 584 




Fig. 79. Distribution of assembled contigs of the combined transcriptome of 
the gills of Anabas testudineus kept in fresh water or exposed to 
terrestrial conditions for 2 days. (A) Number and percentage of 
assembled contigs with different contig length (kb). Contig lengths for 
N-25, N-50 and N-75 are also indicated. (B) Cumulative number and 
percentage of assembled contigs with different average coverage. A 
dotted line delineates the steep and gradual cumulative increase in contig 




















































































































































N75 = 0.55 kb 
N50 = 1.60 kb 
N25 = 3.82 kb 
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Cumulative percentage of contigs
Increase of 11-58% 
per 10-fold coverage 
Gradual increase of 0.8-4.8% per 10-fold coverage 
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6.1.1.2. In silico evaluation of the combined freshwater and land gill 
transcriptome 
Among the 26 Sanger sequences used to further validate the quality of the 
assembled contigs, 85% had excellent hits (E-value = 0) while 12% had relatively 
good hits (0 < E-value < 1.0E-100) (Fig. 80A). No hit was obtained for one of the 
sequences. Among the 22 sequences with excellent hits (E-value = 0), 12 of them 
were equal to or longer than 1, 000 bp (Fig. 80B). Out of the 22 sequences with 
excellent hits, seven of them had their full length in perfect alignment (100%) 
with the best hit (assembled contigs) while 11 of them had greater than 75% of 
their coding sequence aligned and the remaining four sequences had a percentage 
hit length of less than 75% (Fig. 80C). 
On the other hand, the remaining sequences with good hits (0 < E-value < 
1.0E-100) were all shorter than 1, 000 bp (Fig. 80B), ranging from 306 bp to 921 
bp. These sequences also had a percentage hit length of <100% with an average 
hit length of 347 bp (Fig. 80C). Taken together, these findings indicate that both 
full-length and partial-length coding sequences were represented in the assembled 
contigs. Furthermore, 19 of the 22 sequences with excellent hits (E-value = 0) and 
all three sequences with good hits (0 < E-value < 1.0E-100) had an average 
coverage equal to or greater than 100-fold (Fig. 80D), thus suggesting that many 





Fig. 80. In silico evaluation (using BLASTN with 26 full-length Sanger coding 
sequences of Anabas testudineus) of the combined transcriptome of the gills of 
A. testudineus kept in fresh water or exposed to terrestrial conditions for 2 
days. (A) Percentage distribution (number) of the 26 Sanger sequences with 
respective best hit grouped within different BLASTN E-value range. (B) 
Percentage distribution (number) of the 26 Sanger sequences with different full 
length sizes (bp) grouped within different BLASTN E-value range. (C) 
Percentage distribution (number) of the 26 Sanger sequences with different 
percentage hit length grouped within different BLASTN E-value range. (D) 
Percentage distribution (number) of the 26 Sanger sequences with different 
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6.1.1.3. Differences in functional annotation of freshwater and land gill 
transcriptome 
Functional annotation for cellular localization of the human homologs revealed 
that the gills of A. testudineus exposed to 2 days of terrestrial conditions had a 
higher proportion of genes encoding proteins present in the cytoplasm (12% 
more), compared to those of the freshwater control, which had more plasma 
membrane proteins (3% more) and nuclear proteins (8% more) (Fig. 81A). In 
comparison, the number of genes encoding proteins in the extracellular space was 
comparable in the gills of fish in fresh water or exposed to terrestrial conditions. 
Interestingly, analysis on their functional types suggests that the gills of the 
terrestrial-exposed fish had a higher proportion of genes encoding enzymes, 
transporters, peptidases, phosphatases and translation regulators (Fig. 81B). In 
contrast, the gills of the freshwater fish contained more genes encoding 
transmembrane receptors, G-protein coupled receptors, kinases and transcription 
regulators. The number of genes encoding ion channels, growth factors, cytokines 
and ligand-dependent nuclear receptors was comparable for both the control and 
experimental fish.  
Results obtained from the analysis of the enriched biological functions 
revealed for the first time, in the gills of A. testudineus, a difference in the 
functional distribution between the up- and down-regulated gene groups. A higher 
percentage of genes encoding proteins associated with small molecule 
biochemistry, lipid metabolism, nucleic acid metabolism, molecular transport, cell 
signaling, vitamin and mineral metabolism, cellular compromise and energy 
production were observed to be up-regulated in the gills of A. testudineus exposed 
to terrestrial conditions for 2 days (Fig. 81C). On the contrary, genes which were 
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down-regulated in the gills of fish after terrestrial exposure were mostly 




Fig. 81. Functional annotation analyses of the combined transcriptome of the 
gills of Anabas testudineus kept in fresh water or exposed to terrestrial 
conditions for 2 days. (A) Percentage distribution of the putative human homolog 
encoded proteins within different sub-cellular locations. (B) Percentage 
distribution of the putative human homolog encoded proteins according to their 
functional type. (C) Significantly enriched (P<0.05) biological processes that are 
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BH p-value = 0.05
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6.1.1.4. Gene categories involved in iono- and osmoregulation during 
terrestrial exposure 
Further analysis of the enriched biological processes revealed several categories 
of genes that were differentially expressed in the gills of A. testudineus exposed to 
terrestrial conditions for 2 days, with functions that are of particular interest in the 
context of this study. As such, only selected gene categories are discussed in this 
chapter. These include gene categories, such as molecular transport, that may play 
a crucial role in maintaining internal ionic and osmotic homeostasis during active 
ammonia excretion or water transport within the gills of A. testudineus exposed to 
terrestrial conditions. Some of the annotated functions within this category 
include transport of molecules and ions (Table 14), with genes such as nbc1, V-
type proton ATPase subunit B2 (atp6v1b2), V-type proton ATPase subunit C1-A 
(atp6v1c1), V-type proton ATPase subunit e1 (atp6v0e1), V-type proton ATPase 
subunit S1 (atp6ap1), V-type proton ATPase subunit E1 (atp6v1e1), V-type proton 
ATPase subunit G1 (atp6v1g1), atp6v0d1, transient receptor potential cation 
channel subfamily V member 6 (trpv6), aqp1ab, clc2, calreticulin (calr) and 
parvalbumin (pvalb), with most of them displaying high average coverage, total 
gene reads and RPKM values (Table 15).  
6.1.1.5. Gene categories related to energy production and metabolism of 
carbohydrates and lipids 
Some of the functional categories observed to be important for the production of 
energy supplies and metabolism of glucose, fatty acids and lipids, in the gills of A. 
testudineus, include the metabolism of ATP, oxidation of lipids, glycolysis, 
synthesis of glycogen, gluconeogenesis, transport of carbohydrates and amino 
acids and uptake of fatty acids (Table 14). The majority of genes associated with 
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these categories were observed to be up-regulated in the gills of fish exposed to 
terrestrial conditions for 2 days. Some of these genes include facilitated glucose 
transporter membrane 1 (glut1), glut4, fructose-bisphosphate aldolase B (aldob), 
phosphoglycerate mutase 1 (pgam1), hk1, pfkp, pyruvate kinase muscle isozyme 
(pkm), gapdh, gys1, gyg1, large neutral amino acids transporter small subunit 1 
(slc7a5), low affinity cationic amino acid transporter 2 (slc7a2), acaa2, pparg, 




Table 14. Overview of representative enriched gene categories that are up-
regulated in the gills of Anabas testudineus after exposure to terrestrial 
conditions for 2 days. Total number of contigs, with a fold change of ≥ 1.5 (Land 
RPKM/FW RPKM) when compared to the FW control, is given for each 
annotated function within the selected gene categories. 
Gene category Function annotation Total number 
of contigs 
Molecular transport Transport of molecules 125 
Transport of H+ 13 
Sequestration of Ca2+ 4 
Energy production Metabolism of ATP 17 
Oxidation of lipids 26 
Carbohydrate metabolism Glycolysis 16 
Gluconeogenesis 13 
Synthesis of glycogen  14 
Transport of carbohydrates 22 
Amino acid metabolism Transport of essential amino 
acids 
5 
Lipid metabolism Oxidation of lipids 26 




Table 15. Representative genes, in selected gene categories, which are up-regulated in the gills of Anabas testudineus after exposure to 
terrestrial conditions for 2 days. Genes within each category are arranged in descending order of RPKM and presented together with 
information of their average coverage and total gene reads. 
Molecular transport 








Transport of molecules V-type proton ATPase subunit B2 atp6v1b2 5268.90 88119 263.83 
sodium bicarbonate cotransporter 1 nbc1 3905.34 169348 195.47 
V-type proton ATPase subunit C1-A atp6v1c1 4083.80 42812 185.88 
V-type proton ATPase subunit e1 atp6v0e1 3392.49 22980 155.04 
V-type proton ATPase subunit S1 atp6ap1 2878.35 50656 135.09 
V-type proton ATPase subunit E1 atp6v1e1 2584.28 30057 114.04 




Table 15 (continued) 








Transport of molecules 
(continued) 
V-type proton ATPase subunit d1 atp6v0d1 662.51 2303 44.92 
transient receptor potential cation channel subfamily V 
member 6 
trpv6 781.76 8586 34.80 
aquaporin 1ab aqp1ab 299.93 6866 16.27 
chloride channel protein 2 clc2 172.74 6449 7.78 
Transport of H+ V-type proton ATPase subunit B2 atp6v1b2 5268.90 88119 263.83 
V-type proton ATPase subunit C1-A atp6v1c1 4083.80 42812 185.88 
V-type proton ATPase subunit e1 atp6v0e1 3392.49 22980 155.04 
V-type proton ATPase subunit S1 atp6ap1 2878.35 50656 135.09 
V-type proton ATPase subunit E1 atp6v1e1 2584.28 30057 114.04 
V-type proton ATPase subunit G1 atp6v1g1 2252.67 37220 113.16 
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Table 15 (continued) 








Transport of H+ 
(continued) 
V-type proton ATPase subunit d1 atp6v0d1 662.51 2303 44.92 
Sequestration of Ca2+ calreticulin calr 2203.89 11922 99.84 
parvalbumin pvalb 232.27 1261 11.08 
Energy production 








Metabolism of ATP ATP synthase subunit beta atp5b 13276.11 92091 598.26 
ATP synthase subunit alpha atp5a1 8584.15 114632 387.69 
ATP synthase subunit gamma atp5c1 7952.53 55601 378.69 
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Table 15 (continued) 








Metabolism of ATP 
(continued) 
ATP synthase subunit b atp5f1 5700.30 47325 256.84 
ATP synthase subunit O atp5o 3434.38 31339 188.09 
ATP synthase subunit g atp5l 3788.73 24761 178.36 
ATP synthase subunit d atp5h 2330.10 18797 106.64 
Oxidation of lipids facilitated glucose transporter membrane 1 glut1 589.13 17826 29.15 
facilitated glucose transporter membrane 4* glut4 156.45 4938 7.30 
Carbohydrate metabolism 








Glycolysis fructose-bisphosphate aldolase B aldob 2248.33 3671 132.09 
phosphoglycerate mutase 1 pgam1 1887.79 16313 103.17 
* may be an inaccurate classification but was indicated based on the functional annotation given by IPA 
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Table 15 (continued) 








Glycolysis (continued) hexokinase 1 hk1 1820.33 11596 86.12 
6-phosphofructokinase type c pfkp 1146.82 4309 51.45 
pyruvate kinase muscle isozyme pkm 470.83 5856 21.54 
glyceraldehyde-3-phosphate dehydrogenase gapdh 98.91 720 4.73 
Gluconeogenesis glyceraldehyde-3-phosphate dehydrogenase gapdh 98.91 720 4.73 
Synthesis of glycogen glycogen synthase gys1 391.56 7805 19.14 
glycogenin 1 gyg1 225.28 2311 10.52 
Transport of 
carbohydrates 
facilitated glucose transporter membrane 1 glut1 589.13 17826 29.15 




Table 15 (continued) 
Amino acid metabolism 








Transport of essential 
amino acids 
large neutral amino acids transporter small subunit 1 slc7a5 143.51 2874 6.75 
low affinity cationic amino acid transporter 2 slc7a2 98.67 806 4.80 
Lipid metabolism 








Oxidation of lipids 3-ketoacyl-CoA thiolase acaa2 1080.20 13288 50.27 
peroxisome proliferator-activated receptor gamma pparg 370.68 4164 17.17 
fatty acid-binding protein fabp2 156.54 1596 9.03 




Table 15 (continued) 








Uptake of fatty acids peroxisome proliferator-activated receptor gamma pparg 370.68 4164 17.17 




6.1.1.6. Gene categories involved in molecular transport 
Even though majority of the functional categories within molecular transport are 
more enriched in the gills of A. testudineus after 2 days of terrestrial exposure, 
there is one particular category, efflux of ammonia, which is more enriched in the 
gills of the control fish (Table 16). Examples of genes within this category include 
rhag and rhcg2 (Table 17). 
6.1.1.7. Gene categories involved in amino acid metabolism 
One example of a functional category, within amino acid metabolism, which is 
more enriched in the gills of the control fish is the phosphorylation of L-amino 
acids (Table 16). Within this category are different types of tyrosine protein 
kinases: tyrosine protein kinase hck (hck), jak2, tyrosine protein kinase btk (btk), 
tyrosine protein kinase fes/fps (fes) and receptor-type tyrosine protein kinase flt3 
(flt3) (Table 17). 
6.1.1.8. Gene categories involved in apoptotic events during terrestrial 
exposure 
Another category of great importance is cell death and survival which contains 
genes with functions important in modulating the apoptotic processes in the gills 
of A. testudineus during terrestrial exposure (Table 16). Most of the genes related 
to apoptosis were observed to be down-regulated in the terrestrial-exposed gills of 
A. testudineus. Examples of some of these genes include aqp1aa, aqp3a and 
casp6 (Table 17). 
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6.1.1.9. Gene categories associated with cellular growth and proliferation, 
development and morphology of cells 
Similarly, majority of the genes with functions related to various cellular 
processes and activities were also down-regulated in the gills of A. testudineus 
after exposure to terrestrial conditions for 2 days. The annotated functions include 
proliferation, differentiation and maturation of cells and morphology of cells 
(Table 16). Examples of genes associated with these functions include aqp1aa, 
aqp3a, foxl2, foxhead box protein M1 (foxm1), cldn19, jak2, stat1 and different 




Table 16. Overview of representative enriched gene categories that are down-
regulated in the gills of Anabas testudineus after exposure to terrestrial 
conditions for 2 days. Total number of contigs, with a fold change of ≤ 0.66 
(Land RPKM/FW RPKM) when compared to the FW gill library, is given for 
each annotated function within the selected gene categories. 
Gene category Function annotation Total number 
of contigs 
Molecular transport Efflux of ammonia 2 
Amino acid metabolism Phosphorylation of L-amino 
acids 
23 
Cell death and survival Apoptosis 204 
Cellular growth and 
proliferation 
Proliferation of cells 279 
Cellular development Differentiation of cells 160 
Maturation of cells 40 




Table 17. Representative genes, in selected gene categories, which are down-regulated in the gills of Anabas testudineus after exposure to 
terrestrial conditions for 2 days. Genes within each category are arranged in descending order of RPKM and presented together with 
information of their average coverage and total gene reads. 
Molecular transport 








Efflux of ammonia rhesus blood group-associated glycoprotein rhag 9197.67 60010 431.80 
rhesus family C glycoprotein 2 rhcg2 3684.25 98053 218.34 
Amino acid metabolism 









amino acids  
tyrosine protein kinase hck hck 831.95 23553 40.90 
tyrosine protein kinase jak 2 jak2 305.88 5955 14.49 
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Table 17 (continued) 
Amino acid metabolism 











tyrosine protein kinase btk btk 234.93 7317 12.59 
tyrosine protein kinase fes/fps fes 132.60 2028 6.52 
receptor-type tyrosine protein kinase flt3 flt3 123.44 3076 6.30 
Cell death and survival 








Apoptosis aquaporin 3a aqp3a 2150.46 26614 97.72 
aquaporin 1aa aqp1aa 1743.32 19034 80.61 




Table 17 (continued) 
Cellular growth and proliferation 








Proliferation of cells signal transducer and activator of transcription 1 stat1 2293.30 41017 98.74 
aquaporin 1aa aqp1aa 1743.32 19034 80.61 
transcription factor sox 13 sox13 633.50 4811 27.68 
foxhead box protein L2 foxl2 518.54 6832 22.68 
transcription factor sox 4 sox4 436.58 10742 19.86 
tyrosine protein kinase jak 2 jak2 305.88 5955 14.49 
growth hormone receptor ghr 305.09 6187 14.17 
transcription factor sox 8 sox8 194.55 3924 10.55 




Table 17 (continued) 
Cellular development 








Differentiation of cells signal transducer and activator of transcription 1 stat1 2293.30 41017 98.74 
aquaporin 3a aqp3a 2150.46 26614 97.72 
foxhead box protein L2 foxl2 518.54 6832 22.68 
transcription factor sox 4 sox4 436.58 10742 19.86 
tyrosine protein kinase jak 2 jak2 305.88 5955 14.49 
growth hormone receptor ghr 305.09 6187 14.17 
transcription factor sox 21 sox21 247.44 5699 12.60 
transcription factor sox 8 sox8 194.55 3924 10.55 
transcription factor sox 11 sox11 95.16 1671 4.17 
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Table 17 (continued) 








Maturation of cells signal transducer and activator of transcription 1 stat1 2293.30 41017 98.74 
tyrosine protein kinase jak 2 jak2 305.88 5955 14.49 
transcription factor sox 8 sox8 194.55 3924 10.55 
Cell morphology 








Morphology of cells signal transducer and activator of transcription 1 stat1 2293.30 41017 98.74 
transcription factor sox 4 sox4 436.58 10742 19.86 
tyrosine protein kinase jak 2 jak2 305.88 5955 14.49 




6.1.1.10. qPCR validation of RPKM fold changes for selected contigs  
Among the 10 differentially expressed genes randomly selected from various 
functional categories for validation, seven of them were shown by NGS to be up-
regulated (nkcc1b, nbc1, atp6v0d1, clc2, glut1, aif3 and tnf6B), while the remaining 
three (rhcg2, aqp1aa and aqp3a) were shown to be down-regulated in the gills of A. 
testudineus exposed to terrestrial conditions for 2 days. A high correlation was 
detected between the NGS and qPCR expression levels as all 10 genes displayed a 
similar trend in both methods: seven of them were up-regulated (nkcc1b, nbc1, 
atp6v0d1, clc2, glut1, aif3 and tnf6B) and three were down-regulated (rhcg2, aqp1aa 
and aqp3a) (Table 18). Further statistical analyses indicated that seven of these genes 
were differentially expressed, with six of them showing a significant up-regulation 
(nbc1, atp6v0d1, clc2, glut1, aif3 and tnf6B) and rhcg2 displaying a significant down-




Table 18. Comparison of the fold changes of selected genes between NGS and 
quantitative real-time PCR (qPCR). Relative mRNA expression (calculated based 
on 2-∆∆CT) of Na+:K+:2Cl- cotransporter 1b (nkcc1b), sodium bicarbonate 
cotransporter 1 (nbc1), V-type proton ATPase subunit d1 (atp6v0d1), chloride 
channel protein 2 (clc2), rhesus family C glycoprotein 2 (rhcg2),  facilitated glucose 
transporter membrane 1 (glut1), apoptosis-inducing factor 3 (aif3), tumour necrosis 
factor receptor superfamily member 6B (tnf6B), aquaporin 1aa (aqp1aa) and 
aquaporin 3a (aqp3a), with rho GTPase as the reference gene, in the gills of Anabas 
testudineus exposed to terrestrial conditions for 2 days, as compared to the freshwater 
control. A fold change of > 1 indicates an up-regulation while a fold change of < 1 
indicates a down-regulation. 





Molecular transport nkcc1b 1.83 1.12 
nbc1 1.94 2.46 
atp6v0d1 2547.62 2.49 
clc2 1.57 1.47 
rhcg2 0.17 0.14 
Energy production glut1 2.01 3.25 
Cell death and survival 
 
aif3 2.72 2.75 
tnf6b 4.98 4.84 
aqp1aa 0.56 0.66 
aqp3a 0.60 0.57 
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Fig. 82. Quantitative real-time PCR (qPCR) of selected genes from various gene 
categories. Relative mRNA expression (calculated based on 2-∆∆CT) of Na+:K+:2Cl- 
cotransporter 1b (nkcc1b), sodium bicarbonate cotransporter 1 (nbc1), V-type proton 
ATPase subunit d1 (atp6v0d1), chloride channel protein 2 (clc2), rhesus family C 
glycoprotein 2 (rhcg2),  facilitated glucose transporter membrane 1 (glut1), 
apoptosis-inducing factor 3 (aif3), tumour necrosis factor receptor superfamily 
member 6B (tnf6B), aquaporin 1aa (aqp1aa) and aquaporin 3a (aqp3a), with rho 
GTPase as the reference gene, in the gills of Anabas testudineus kept in fresh water 
(control) in comparison with 2 days (d) of exposure to terrestrial conditions. Results 
represent mean ± S. E. M (N=4). Asterisks indicate significant difference from the 





















































































































































































































































































































































































































































6.1.2. Absolute quantification of various transporter genes in the gills of A. 
testudineus after exposure to terrestrial conditions 
6.1.2.1. mRNA expression of nkaα1a, nkaα1b and nkaα1c in the gills of fish 
exposed to terrestrial conditions for 1 day, 3 days or 6 days 
The mRNA expression of nkaα1a increased significantly in the gills of fish exposed 
to terrestrial conditions for 1 day (by 3.3-fold), 3 days (by 2.8-fold) or 6 days (by 2.4-
fold), as compared to the freshwater control (Fig. 83A). Significant increases were 
observed for the mRNA expression of nkaα1b in the gills of fish exposed to terrestrial 
conditions for 3 days (by 2.3-fold) or 6 days (by 4.8-fold), as compared to the 
freshwater control (Fig. 83B). However, nkaα1b is most probably physiologically 
insignificant during terrestrial exposure as its copy numbers remained almost 
undetectable (< 30 copies per ng cDNA) throughout the 6 days. In comparison, the 
mRNA expression of nkaα1c increased significantly in the gills of fish exposed to 
terrestrial conditions for 1 day (by 2.9-fold), 3 days (by 3.7-fold) or 6 days (by 2.9-
fold), as compared to the freshwater control (Fig. 83C). 
6.1.2.2. mRNA expression of cftr in the gills of fish exposed to terrestrial 
conditions for 1 day, 3 days or 6 days 
A significant drop in the mRNA expression of cftr was observed after 1 day (by 
59.6%) or 3 days (by 70.0%) of exposure to terrestrial conditions, but returned to 
control levels on the sixth day (Fig. 84).  
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6.1.2.3. mRNA expression of ncc in the gills of fish exposed to terrestrial 
conditions for 1 day, 3 days or 6 days 
No significant changes were detected for the mRNA expression of ncc in the gills of 
fish throughout 6 days of exposure to terrestrial conditions, as compared to the 
freshwater control (Fig. 85).  
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Fig. 83. mRNA expression levels of Na+/K+-ATPase (nka) in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; N=4) of (A) 
nkaα1a, (B) nkaα1b or (C) nkaα1c transcripts in the gills of A. testudineus kept in 
fresh water (FW; control) or after 1, 3 or 6 days (d) of exposure to terrestrial 
conditions. Results represent means ± S.E.M. Means not sharing the same letter are 


























































































































































Fig. 84. mRNA expression levels of cystic fibrosis transmembrane conductance 
regulator (cftr) in the gills of Anabas testudineus. Absolute quantification (copies of 
transcript per ng cDNA; N=4) of cftr transcripts in the gills of A. testudineus kept in 
fresh water (FW; control) or after 1, 3 or 6 days (d) of exposure to terrestrial 
conditions. Results represent means ± S.E.M. Means not sharing the same letter are 














































Fig. 85. mRNA expression levels of Na+:Cl- co-transporter (ncc) in the gills of 
Anabas testudineus. Absolute quantification (copies of transcript per ng cDNA; N=4) 
of ncc transcripts in the gills of A. testudineus kept in fresh water (FW; control) or 
after 1, 3 or 6 days (d) of exposure to terrestrial conditions. Results represent means ± 













































6.1.2.4. mRNA expression of nkcc1a and nkcc1b in the gills of fish exposed to 
terrestrial conditions for 1 day, 3 days or 6 days 
Significant increases were observed for the mRNA expression of nkcc1a after 1 day 
(by 1.5-fold), 3 days (by 1.9-fold) or 6 days (by 1.2-fold), as compared to the fresh 
water control (Fig. 86). On the contrary, there were no significant changes in the 
mRNA expression of nkcc1b within the gills of fish exposed to terrestrial conditions 
when compared to the freshwater control (Fig. 87). 
6.1.2.5. mRNA expression of rhag, rhbg, rhcg1 and rhcg2 in the gills of fish 
exposed to terrestrial conditions for 1 day, 3 days or 6 days 
When compared to the freshwater control, the mRNA expression of rhag decreased 
significantly after 6 days (by 20.1%) of terrestrial exposure (Fig. 88A). The mRNA 
expression of rhbg, on the other hand, increased significantly after 1 day (by 1.8-fold) 
or 3 days (by 2.1-fold) of exposure to terrestrial conditions before returning to control 
levels on the sixth day of terrestrial exposure (Fig. 88B). On the contrary, the mRNA 
expression of rhcg1 increased significantly after 3 days or 6 days (both by 2.3-fold) 
of exposure to terrestrial conditions (Fig. 88C). A significant increase was observed 
for the mRNA expression of rhcg2 in the gills of fish exposed to terrestrial conditions 
for 1 day (by 15.1-fold) or 3 days (by 10.7-fold), and returned to control levels after 6 




Fig. 86. mRNA expression levels of Na+:K+:2Cl- cotransporter 1a (nkcc1a) in the 
gills of Anabas testudineus. Absolute quantification (copies of transcript per ng 
cDNA; N=4) of nkcc1a transcripts in the gills of A. testudineus kept in fresh water 
(FW; control) or after 1, 3 or 6 days (d) of exposure to terrestrial conditions. Results 





















































Fig. 87. mRNA expression levels of Na+:K+:2Cl- cotransporter 1b (nkcc1b) in the 
gills of Anabas testudineus. Absolute quantification (copies of transcript per ng 
cDNA; N=4) of nkcc1b transcripts in the gills of A. testudineus kept in fresh water 
(FW; control) or after 1, 3 or 6 days (d) of exposure to terrestrial conditions. Results 

















































Fig. 88. mRNA expression levels of rhesus glycoprotein in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; N=4) of (A) 
rhesus blood group-associated glycoprotein (rhag), (B) rhesus family B glycoprotein 
(rhbg), (C) rhesus family C glycoprotein 1 (rhcg1) or (D) rhesus family C 
glycoprotein 2 (rhcg2) transcripts in the gills of A. testudineus kept in fresh water 
(FW; control) or after 1, 3 or 6 days (d) of exposure to terrestrial conditions. Results 



































































































































































































6.1.2.6. mRNA expression of nhe1 and nhe3 in the gills of fish exposed to 
terrestrial conditions for 1 day, 3 days or 6 days 
The mRNA expression of nhe1 increased significantly in the gills of fish exposed to 
terrestrial conditions for 1 day (by 2.0-fold), 3 days (by 2.7-fold) or 6 days (by 2.0-
fold), as compared to the freshwater control (Fig. 89A). However, a significant 
decrease in the mRNA expression of nhe3 was observed in the gills of fish exposed to 
terrestrial conditions for 1 day (by 84.7%), 3 days (by 86.7%) or 6 days (by 81.6%), 
as compared to the freshwater control (Fig. 89B). 
6.1.2.7. mRNA expression of aqp1aa, aqp1ab, aqp3a, aqp7 and aqp11 in the gills 
of fish exposed to terrestrial conditions for 1 day, 3 days or 6 days 
There were significant increases in the mRNA expression of aqp1aa after 1 
day (by 2.0-fold), 3 days (by 1.8-fold) or 6 days (by 5.8-fold) of exposure to 
terrestrial conditions, as compared to the freshwater control (Fig. 90A). Similarly, a 
significant increase in the mRNA expression of aqp1ab was detected after 6 days (by 
5.7-fold) of exposure to terrestrial conditions, as compared to the freshwater control 
(Fig. 90B). By contrast, significant decreases were observed for the mRNA 
expression of aqp3a after 3 days (by 55%) or 6 days (by 57%) of exposure to 
terrestrial conditions (Fig. 90C). As for aqp7, its mRNA expression showed a 
significant decrease (by 63%) after 1 day of exposure to terrestrial conditions, before 
returning to control levels of expression (Fig. 90D). In comparison, the mRNA 
expression of aqp11 decreased significantly after 1 day (by 42%), 3 days (by 25%) or 
6 days (by 27%) of exposure to terrestrial conditions, as compared to the freshwater 
control (Fig. 90E).  
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Fig. 89. mRNA expression levels of sodium/hydrogen exchanger (nhe) in the gills 
of Anabas testudineus. Absolute quantification (copies of transcript per ng cDNA; 
N=4) of (A) nhe1 or (B) nhe3 transcripts in the gills of A. testudineus kept in fresh 
water (FW; control) or after 1, 3 or 6 days (d) of exposure to terrestrial conditions. 
Results represent means ± S.E.M. Means not sharing the same letter are significantly 






























































































Fig. 90. mRNA expression levels of aquaporin (aqp) in the gills of Anabas 
testudineus. Absolute quantification (copies of transcript per ng cDNA; N=4) of (A) 
aqp1aa, (B) aqp1ab, (C) aqp3a, (D) aqp7 or (E) aqp11 transcripts in the gills of A. 
testudineus kept in fresh water (FW; control) or after 1, 3 or 6 days (d) of exposure to 
terrestrial conditions. Results represent means ± S.E.M. Means not sharing the same 
























































































































































































































































Please refer to the soft copy when necessary for Figs 115-130 as the printed 
copies may inevitably show some loss in the quality of the micrographs.  
 382 
 
6.1.3. Immunofluorescent localization of various transporters in the gills of A. 
testudineus after exposure to terrestrial conditions 
6.1.3.1. Immunofluorescent localization of NKAαRb1 and Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
Nkaα1a was found to be preferentially expressed in the basolateral membranes of 
ionocytes within the gills of both the freshwater fish and fish exposed to terrestrial 
conditions (Figs. 91A and B). In both the control and the treatment fish, Nkaα1a-
stained ionocytes (red) co-labelled with anti-NKAαRb1 (green), an antibody known 
to be pan-specific for the NKA/Nka α-subunits, thereby producing a yellow-orange 
colour along the secondary lamellae. 
6.1.3.2. Immunofluorescent localization of NKAαRb1 and Nkaα1b in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
The expression of Nkaα1b (red) was undetectable in the gills of both the control and 
treatment fish and hence, co-labelling of anti-Nkaα1b with anti-NKAαRb1 (green) 
gave a green colour (Figs. 92A and B).  
6.1.3.3. Immunofluorescent localization of NKAαRb1 and Nkaα1c in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
Minimal expression of Nkaα1c was detected in the gills of the freshwater fish and 
fish exposed to terrestrial conditions (Figs. 93A and B). Hence, very few cells were 
observed to co-localize with NKAαRb1. All the Nkaα1c-labelled ionocytes (red) co-
labelled with anti-NKAαRb1 (green), resulting in a yellow-orange colour in the 
basolateral membranes of ionocytes located along the secondary lamellae.  
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Fig. 91. Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1a in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-NKAαRb1 and anti-Nkaα1a antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of exposure 
to terrestrial conditions. Immunofluorescence of anti-NKAαRb1 (green) and anti-
Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Co-localization of staining from the green and red 




Fig. 92. Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1b in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-NKAαRb1 and anti-Nkaα1b antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of exposure 
to terrestrial conditions. Immunofluorescence of anti-NKAαRb1 (green) and anti-
Nkaα1b (red) antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference contrast (DIC) 




Fig. 93. Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and Nkaα1c in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-NKAαRb1 and anti-Nkaα1c antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of exposure 
to terrestrial conditions. Immunofluorescence of anti-NKAαRb1 (green) and anti-
Nkaα1c (red) antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Co-localization of staining from the green and red 
channels resulted in a yellow-orange colouration. Magnification: 400×.  
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6.1.3.4. Immunofluorescent localization of Nkaα1c and Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
No co-localization was observed for the staining of Nkaα1c and Nkaα1a in both the 
gills of fish in fresh water or exposed to terrestrial conditions, indicating that they are 
present in different types of ionocytes (Figs. 94A and B). 
6.1.3.5. Immunofluorescent localization of Nkaα1c and Nkaα1b in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
As reported in section 6.1.3.2, staining of Nkaα1b was undetectable in the gills of 
both the control fish and terrestrial-exposed fish. Hence, only Nkaα1c staining was 
detected (Figs. 95A and B).  
Since Nkaα1b staining was undetectable and that of Nkaα1c minimally 
expressed in the gills of the freshwater fish and fish exposed to terrestrial conditions, 
the subsequent antibodies (anti-Ncc, anti-Nkcc1a, anti-Rhag, anti-Rhbg, anti-Rhcg1, 
anti-Rhcg2, anti-Nhe3, anti-Aqp1aa, anti-Aqp1ab and anti-Aqp7) were co-labelled 
with Nkaα1a in order to characterize their location.  
Attempts to label the gills of fish with anti-Nkcc1b, anti-Nhe1, anti-Aqp3a 





Fig. 94. Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Nkaα1a in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-Nkaα1c and anti-Nkaα1a antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of exposure 
to terrestrial conditions. Immunofluorescence of anti-Nkaα1c (green) and anti-
Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Magnification: 400×.  
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Fig. 95. Immunofluorescent localization of Na+/K+-ATPase α1c (Nkaα1c) and 
Nkaα1b in the gills of Anabas testudineus. Double immunofluorescence was 
performed using anti-Nkaα1c and anti-Nkaα1b antibodies on the gills of A. 
testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) of exposure 
to terrestrial conditions. Immunofluorescence of anti-Nkaα1c (green) and anti-
Nkaα1b (red) antibodies are shown in (i) and (ii), respectively. Both channels (green 
and red) are merged in (iii) and overlaid with differential interference contrast (DIC) 
image for orientation in (iv). Magnification: 400×.  
   
 389 
 
6.1.3.6. Immunofluorescent localization of Ncc with Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
With the exception of some cells, Ncc was detected on the apical membranes of most 
Nkaα1a-labelled ionocytes in the gills of the freshwater fish (Fig. 96A). Ncc 
expression was also detected in the gills of the fish exposed to terrestrial conditions 
but was observed to be in a different type of cell from Nkaα1a (Fig. 96B). 
6.1.3.7. Immunofluorescent localization of Nkcc1a with Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
In the gills of the freshwater fish, Nkcc1a-labelled cells (green) were found to co-
localize with Nkaα1a (red), giving a yellow-orange colour (Fig. 97A). Notably, there 
were some Nkaα1a-labelled ionocytes that did not show any co-localization with anti-
Nkcc1a. This could suggest the presence of another cell type. Co-labelling of anti-
Nkcc1a with anti-Nkaα1a in the gills of fish exposed to terrestrial conditions clearly 
indicated that both proteins were co-expressed in the basolateral membranes of the 
Nkaα1a-labelled ionocytes (Fig. 97B).  
6.1.3.8. Immunofluorescent localization of NKAαRb1 with Cftr in the gills of fish 
after 6 days of terrestrial exposure  
As anti-Nkaα1a and anti-Cftr were raised in mouse, anti-Cftr was double labelled 
with anti-NKAαRb1 to examine the expression of Cftr. Results indicated that Cftr 
expression was undetectable in the gills of the terrestrial-exposed fish (Fig. 98).   
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Fig. 96. Immunofluorescent localization of Na+:Cl- co-transporter (Ncc) and 
Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-Ncc and anti-Nkaα1a antibodies on 
the gills of A. testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) 
of exposure to terrestrial conditions. Immunofluorescence of anti-Ncc (green) and 
anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both channels 
(green and red) are merged in (iii) and overlaid with differential interference contrast 
(DIC) image for orientation in (iv). Arrows in (A) (iv) indicate the apical staining of 




Fig. 97. Immunofluorescent localization of Na+:K+:2Cl- cotransporter 1a 
(Nkcc1a) and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. 
Double immunofluorescence was performed using anti-Nkcc1a and anti-Nkaα1a 
antibodies on the gills of A. testudineus kept in (A) fresh water (FW; control) or (B) 
after 6 days (d) of exposure to terrestrial conditions. Immunofluorescence of anti-
Nkcc1a (green) and anti-Nkaα1a (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Co-localization 
of staining from the green and red channels resulted in a yellow-orange colouration. 
Arrows in (A) (iv) indicate the cells that were labelled with only Nkaα1a. 




Fig. 98. Immunofluorescent localization of Na+/K+-ATPase αRb1 (NKAαRb1) 
and cystic fibrosis transmembrane conductance regulator (Cftr) in the gills of 
Anabas testudineus. Double immunofluorescence was performed on the gills of A. 
testudineus after 6 days (d) of exposure to terrestrial conditions, using anti-NKAαRb1 
with anti-Cftr (clone #T24-1) antibodies. Immunofluorescence of anti-NKAαRb1 
(green) and anti-Cftr (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with differential interference 




6.1.3.9. Immunofluorescent localization of Rhag with Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
Some Rhag was observed to co-localize to the apical membranes of some Nkaα1a-
labelled ionocytes along the secondary lamellae of the freshwater fish and gills of fish 
exposed to terrestrial conditions, while there were other cells that expressed only 
Rhag or Nkaα1a (Figs. 99A and B).  
6.1.3.10. Immunofluorescent localization of Rhbg with Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
None of the Nkaα1a-labelled ionocytes co-localized with Rhbg, and the latter appears 
to be staining some membranous structures throughout the secondary lamellae of the 
gills filaments (Figs. 100A and B).  
6.1.3.11. Immunofluorescent localization of Rhcg1 with Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
Similarly, Rhcg1 labelling was detected throughout the secondary lamellae of the 
gills of both the control fish and terrestrial-exposed fish but none were co-expressed 
with the Nkaα1a-labelled ionocytes (Figs. 101A and B).  
6.1.3.12. Immunofluorescent localization of Rhcg2 with Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
For the freshwater fish, co-labelling of anti-Rhcg2 (green) with anti-Nkaα1a (red) 
produced a yellow-orange colour, revealing that both proteins were co-expressed 
within the basolateral membranes of the secondary lamellae (Fig. 102A). In 
comparison, double-labelling of anti-Rhcg2 and anti-Nkaα1a revealed that both 
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proteins were co-expressed in the basolateral membranes of the same ionocytes in 
fish exposed to terrestrial conditions, with the exception of a few cells that expressed 
only Nkaα1a and not Rhcg2 (Fig. 102B).   
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Fig. 99. Immunofluorescent localization of rhesus blood group-associated 
glycoprotein (Rhag) and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas 
testudineus. Double immunofluorescence was performed using anti-Rhag and anti-
Nkaα1a antibodies on the gills of A. testudineus kept in (A) fresh water (FW; control) 
or (B) after 6 days (d) of exposure to terrestrial conditions. Immunofluorescence of 
anti-Rhag (green) and anti-Nkaα1a (red) antibodies are shown in (i) and (ii), 
respectively. Both channels (green and red) are merged in (iii) and overlaid with 
differential interference contrast (DIC) image for orientation in (iv). Arrows in (A) 




Fig. 100. Immunofluorescent localization of rhesus family B glycoprotein (Rhbg) 
and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-Rhbg and anti-Nkaα1a antibodies on 
the gills of A. testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) 
of exposure to terrestrial conditions. Immunofluorescence of anti-Rhbg (green) and 
anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both channels 
(green and red) are merged in (iii) and overlaid with differential interference contrast 




Fig. 101. Immunofluorescent localization of rhesus family C glycoprotein 1 
(Rhcg1) and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. 
Double immunofluorescence was performed using anti-Rhcg1 and anti-Nkaα1a 
antibodies on the gills of A. testudineus kept in (A) fresh water (FW; control) or (B) 
after 6 days (d) of exposure to terrestrial conditions. Immunofluorescence of anti-
Rhcg1 (green) and anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. 
Both channels (green and red) are merged in (iii) and overlaid with differential 




Fig. 102. Immunofluorescent localization of rhesus family C glycoprotein 2 
(Rhcg2) and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. 
Double immunofluorescence was performed using anti-Rhcg2 and anti-Nkaα1a 
antibodies on the gills of A. testudineus kept in (A) fresh water (FW; control) or (B) 
after 6 days (d) of exposure to terrestrial conditions. Immunofluorescence of anti-
Rhcg2 (green) and anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. 
Both channels (green and red) are merged in (iii) and overlaid with differential 
interference contrast (DIC) image for orientation in (iv). Co-localization of staining 
from the green and red channels resulted in a yellow-orange colouration. Arrows in 




6.1.3.13. Immunofluorescent localization of Nhe3 with Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
Nhe3 was weakly expressed in the Nkaα1a-labelled ionocytes within the gills of the 
freshwater fish (Fig. 103A). As the intensity of Nhe3 (green) was lower than that of 
Nkaα1a (red), co-localization of both proteins produced a red-orange colour. Similar 
observations were made for the gills of fish exposed to terrestrial conditions (Fig. 
103B). 
6.1.3.14. Immunofluorescent localization of Aqp1aa with Nkaα1a in the gills of 
freshwater (control) fish and after 6 days of terrestrial exposure 
With the exception of some cells expressing either Aqp1aa or Nkaα1a, some Aqp1aa 
was localized to the apical membranes of the Nkaα1a-labelled ionocytes in the gills 
of the freshwater fish (Fig. 104A) and those of the terrestrial-exposed fish (Fig. 
104B). Notably, the expression of Aqp1aa was considerably higher in the gills of fish 
exposed to terrestrial conditions, as compared to the freshwater control. 
6.1.3.15. Immunofluorescent localization of Aqp1ab with Nkaα1a in the gills of 
freshwater fish and after 6 days of terrestrial exposure 
In the gills of the freshwater fish, double-labelling of Aqp1ab (green) with Nkaα1a 
(red) resulted in a red-orange colour due to the low expression of Aqp1ab within the 
basolateral membranes of the ionocytes (Fig. 105A). However, Aqp1ab showed a 
higher expression in the gills of fish exposed to terrestrial conditions, and was found 




Fig. 103. Immunofluorescent localization of sodium/hydrogen exchanger 3 (Nhe3) 
and Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-Nhe3 and anti-Nkaα1a antibodies on 
the gills of A. testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) 
of exposure to terrestrial conditions. Immunofluorescence of anti-Nhe3 (green) and 
anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both channels 
(green and red) are merged in (iii) and overlaid with differential interference contrast 
(DIC) image for orientation in (iv). Co-localization of staining from the green and red 




Fig. 104. Immunofluorescent localization of aquaporin 1aa (Aqp1aa) and 
Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-Aqp1aa and anti-Nkaα1a antibodies 
on the gills of A. testudineus kept in (A) fresh water (FW; control) or (B) after 6 days 
(d) of exposure to terrestrial conditions. Immunofluorescence of anti-Aqp1aa (green) 
and anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with differential interference 
contrast (DIC) image for orientation in (iv). Co-localization of staining from the 
green and red channels resulted in a red-orange colouration. Arrows in (A) (iv) and 




Fig. 105. Immunofluorescent localization of aquaporin 1ab (Aqp1ab) and 
Na+/K+-ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-Aqp1ab and anti-Nkaα1a antibodies 
on the gills of A. testudineus kept in (A) fresh water (FW; control) or (B) after 6 days 
(d) of exposure to terrestrial conditions. Immunofluorescence of anti-Aqp1ab (green) 
and anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both 
channels (green and red) are merged in (iii) and overlaid with differential interference 
contrast (DIC) image for orientation in (iv). Co-localization of staining from the 




6.1.3.16. Immunofluorescent localization of Aqp7 with Nkaα1a in the gills of 
freshwater fish and after 6 days of terrestrial exposure 
Aqp7 was weakly expressed in the Nkaα1a-labelled ionocytes within the gills of the 
freshwater fish (Fig. 106A). As the intensity of Aqp7 (green) was lower than that of 
Nkaα1a (red), co-localization of both proteins produced a red-orange colour. In the 
gills of fish exposed to terrestrial conditions, Aqp7 was localized to the basolateral 
membranes of the Nkaα1a-labelled ionocytes, with some cells expressing only 




Fig. 106. Immunofluorescent localization of aquaporin 7 (Aqp7) and Na+/K+-
ATPase α1a (Nkaα1a) in the gills of Anabas testudineus. Double 
immunofluorescence was performed using anti-Aqp7 and anti-Nkaα1a antibodies on 
the gills of A. testudineus kept in (A) fresh water (FW; control) or (B) after 6 days (d) 
of exposure to terrestrial conditions. Immunofluorescence of anti-Aqp7 (green) and 
anti-Nkaα1a (red) antibodies are shown in (i) and (ii), respectively. Both channels 
(green and red) are merged in (iii) and overlaid with differential interference contrast 
(DIC) image for orientation in (iv). Co-localization of staining from the green and red 
channels resulted in a red-orange colouration. Arrows in (B) (iv) indicate cells that 






6.2.1. Differential gene expression within the gills of fish after exposure to 
terrestrial conditions 
When an amphibious fish is out of water, it will be faced with a number of challenges 
which include evaporative water loss, and inefficient branchial ammonia excretion 
(Chew and Ip, 2014; Urbina et al., 2014) and CO2 excretion (Urbina et al., 2014) 
resulting from the lack of water to irrigate the gills. Therefore, it is essential for A. 
testudineus to develop certain adaptive responses and defence strategies in its gills to 
avert desiccation and enhance ammonia and CO2 excretion when it is on land. Indeed, 
several crucial gene categories with diverse functions were obtained for the first time 
from a differential transcriptome analysis of the gills of A. testudineus exposed to 
terrestrial conditions for 2 days. 
6.2.1.1. Changes in genes related to iono- and osmoregulation – transport of Na+ 
and Cl- 
The expression levels of nbc1 and clc2 were up-regulated in the gills of A. 
testudineus after terrestrial exposure, with both genes showing high average coverage 
and total gene reads. Nbc1 facilitates basolateral co-transport of Na+ and HCO3
- in 
teleost gills (see section 4.2.1.4 for a detailed discussion on nbc1). In addition to its 
role in maintaining intracellular Na+ concentration, Nbc1 could also work together 
with V-ATPase to maintain acid-base balance in A. testudineus (see section 6.2.1.4). 
In most fish species, maintenance of Cl- homeostasis is achieved by 
transporters present in the gills which are the main sites of Cl- uptake (Wang et al., 
2015). Clc-2 is a member of the Cl- channel family and one of the isoforms, Clc-2c, 
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has been detected in the gills and embryonic skin of the zebrafish (Wang et al., 2015). 
Clc-2c is present in the basolateral membranes of the ionocytes co-expressing apical 
Ncc2b within the gills and embryonic skin of the zebrafish.  Increased mRNA and 
protein expression of clc-2c/Clc-2c have also been observed in the zebrafish embryos 
and gills of adult zebrafish acclimated to a low Cl- environment. Therefore, the 
enhanced abundance of clc2 may lead to an increase in Clc2 protein abundance in the 
gills of the terrestrial-exposed A. testudineus. Assuming that Clc2 is also located in 
the basolateral membranes of ionocytes within the gills of A. testudineus, it could 
maintain Cl- homeostasis by mediating the transport of Cl- into the blood during 
terrestrial exposure.  
6.2.1.2. Changes in genes related to iono- and osmoregulation – sequestration of 
Ca2+ 
Genes encoding two different Ca2+-binding proteins, Calr and Pvalb, were more 
abundantly expressed in the gills of A. testudineus exposed to terrestrial conditions 
for 2 days. Calr is a highly conserved Ca2+ modulator that binds Ca2+ with a high 
capacity and has critical immunological and physiological functions (Kales et al., 
2004). More importantly, Calr has been associated with many cellular functions 
which include autoimmunity, cancer, wound healing, cell adhesion, Ca2+ signaling 
and storage, regulation of gene expression and lectin-like chaperoning (Gelebart et al., 
2005; Michalak et al., 2009). Compared with mammals, studies of Calr are limited in 
teleosts. Three calr-related genes are present in the genome of the channel catfish 
(Liu et al., 2011) while an isoform of calr has been cloned and sequenced from the 
Asian seabass and rainbow trout (Kales et al., 2004; Bai et al., 2012). The mRNA 
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expression of calr is significantly induced in the channel catfish following changes in 
iron levels and/or infection (Liu et al., 2011).  In another study, Calr is associated 
with cold tolerance in the Asian seabass (Bai et al., 2012).  
Pvalb are intracellular high affinity Ca2+-binding proteins and has been 
implicated in several Ca2+-mediated physiological processes and cellular activities 
(Arif, 2009). In addition, Pvalb serves as a reservoir for cytosolic Ca2+ (Pauls et al., 
1996) and protects non-muscle cells, such as neurons, from Ca2+-induced damage 
(Heizmann and Braun, 1992; Van Do et al., 2003). In many fish species, Pvalb is 
abundantly expressed in the white muscles and has a crucial role in muscle relaxation, 
achieved through the binding of free intracellular Ca2+ (Fernandes et al., 2015). Thus 
far, Pvalb has been studied as a food allergen in fish and its role in the sequestration 
of Ca2+, as suggested by the functional categorization in this study, in the gills of 
teleosts is still largely unknown.  
trpv6, which encodes an epithelial Ca2+ channel, is responsible for apical Ca2+ 
transport in mammalian cells (Hoenderop et al., 2005) and a similar pathway has 
been proposed for the ionocytes of freshwater fish gills (Flik et al., 1995) (see section 
4.2.1.3 for a detailed discussion on Ca2+ transport in fish gills). Ca2+ plays critical 
roles in intracellular signaling, nerve signal transduction, plasma membrane 
excitability and permeability modulation (Wendelaar Bonga and Pang, 1991). 
Therefore, it is imperative for A. testudineus to maintain its free cytosolic Ca2+ 
concentration within narrow limits and this could largely be achieved by Calr and 
Pvalb which bind intracellular Ca2+ for transcellular Ca2+ transport. 
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Taken together, it can be inferred from the abundance of trpv6, calr and pvalb 
transcripts in the gills of the terrestrial-exposed A. testudineus that Calr and Pvalb 
have a novel role in the sequestration of Ca2+ and could work together with Trpv6 to 
maintain Ca2+ homeostasis in the fish during terrestrial exposure. 
6.2.1.3. Changes in genes related to CO2 elimination 
When A. testudineus is on land, the mode of CO2 removal will differ from when the 
fish is in an aquatic environment (see section 4.2.2.6). Without the presence of water 
to flush the gills, the excretion of CO2 as HCO3
- becomes a problem. Hence, when 
compared to the respiration of A. testudineus in water, a greater proportion of expired 
air will be released as molecular CO2 instead of its ionic equivalents. Since certain 
isoforms of Aqp has been proposed to be gas channels (see section 4.2.2.6), the 
increased expression of aqp1ab within the gills of the terrestrial-exposed fish could 
indicate its involvement in the elimination of CO2 produced within the fish when 
water is scarce (see section 6.2.2.7 for a detailed discussion). In addition, it may also 
facilitate passive NH3 excretion during short periods of terrestrial exposure. 
6.2.1.4. Changes in genes related to ammonia transport 
During emersion, amino acids serve as substrates for energy production to sustain 
locomotor activities (Tay et al., 2006). The increase in amino acid catabolism will 
lead to a corresponding increase in ammonia production within the tissues of A. 
testudineus (Tay et al., 2006). Therefore, it is imperative for A. testudineus to increase 
branchial ammonia excretion and reduce the re-entry of excreted ammonia during 
terrestrial exposure.  
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Increases in the expression of genes encoding several subunits of V-ATPase 
(Atp6v1b2, Atp6v1c1, Atp6v0e1, Atp6ap1, Atp6v1e1, Atp6v1g1 and Atp6v0d1) 
occurred in the gills of A. testudineus after 2 days of terrestrial exposure. V-ATPase 
is responsible for mediating the active extrusion of H+ across the membranes of cells 
(Beyenbach and Wieczorek, 2006; see section 5.2.1.2). During periods of short-term 
exposure to terrestrial conditions, passive NH3 excretion through Aqp1ab (see section 
6.2.1.3) could be linked to V-ATPase function. The excretion of H+ can help trap the 
NH3 transported out of the ionocytes forming NH4
+, thereby preventing the back flux 
of NH3 and providing an outwardly directed gradient for NH3. In addition, V-ATPase 
may work together with Nbc1 (see section 6.2.1.1) to tightly regulate and maintain 
acid-base balance or facilitate active NH4
+ excretion by increasing the excretion of H+ 
(see section 6.2.2.3.) 
Rhag and Rhcg have been proposed as dual transporters of NH3 and NH4
+ in 
the gills of A. testudineus (see sections 4.2.2.3.2 and 5.2.2.3). An examination of 
genes within the functional category associated with the efflux of ammonia revealed a 
down-regulation in the mRNA expression of rhag and rhcg2 in the gills of the 
terrestrial-exposed fish and thus, this implies that Rhag and Rhcg2 may have a minor 
role in ammonia transport when A. testudineus is exposed to terrestrial conditions for 
2 days. However, protein localization studies performed on the gills of A. testudineus 
during long-term terrestrial exposure (6 days) suggest the involvement of Rhag and 
Rhcg2 in active ammonia excretion (see section 6.2.2.4). 
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6.2.1.5. Changes in genes related to energy metabolism 
Surviving challenging environments such as terrestrial conditions require a consistent 
and efficient supply of energy to sustain active ammonia excretion and locomotion, 
both of which are highly energy-dependent processes. An examination of the 
differential transcriptome results revealed for the first time several important 
functional categories associated with energy production, metabolism of carbohydrates, 
amino acids and lipids that were differentially regulated within the gills of A. 
testudineus after 2 days of exposure to terrestrial conditions. 
Within the category of ATP metabolism, genes encoding various subunits of 
ATP synthase (Atp5b, Atp5a1, Atp5c1, Atp5f1, Atp5o, Atp5l and Atp5h) were more 
abundantly expressed in the gills of the terrestrial-exposed fish. ATP synthase, also 
known as complex V, is one of the key members involved in oxidative 
phosphorylation (Lodish et al., 2000; Capaldi and Aggeler, 2002). Using ADP and 
inorganic phosphate as substrates, ATP synthase couples the electrochemical 
potential gradient, generated by the electron transport chain, to ATP synthesis. ATP 
is the most widely used “energy currency” in the cells of many organisms. Hence, in 
the case of the terrestrial-exposed A. testudineus, an enhanced expression of these 
genes could imply the importance of ATP synthase in ensuring sufficient energy 
supply required to drive the operation of various ATP-dependent transport systems. 
6.2.1.5.1. Carbohydrate metabolism 
Genes annotated functionally to be involved in glycolysis (aldob, pgam1, hk1, pfkp, 
pkm and gapdh), gluconeogenesis (gapdh) and synthesis of glycogen (gys1 and gyg1) 
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displayed a higher mRNA expression in the gills of A. testudineus subjected to 
terrestrial conditions. The significance of carbohydrate metabolism in providing 
metabolic fuels for iono- and osmoregulation in fish gills have been discussed in 
sections 4.2.1.6.1 and 5.2.1.3.1. Regulation of blood glucose concentration relies on a 
balance between the rates of removal or entry of glucose into the circulation and is 
positively correlated with the rates of metabolism (see Polakof et al., 2011 for a 
review). Two isoforms of glut, glut1 and glut4, were highly expressed in the gills of A. 
testudineus after 2 days of terrestrial exposure. glut1 is ubiquitously expressed and is 
the most abundant transcript in most types of tissues in the Atlantic cod, with its 
transcription level correlated to the rates of glucose metabolism (Hall et al., 2014; see 
section 4.2.1.6.1 for a discussion on glut). A measurement of the transcript expression 
levels of various glut isoforms normalized to tissue mass indicates the dominance of 
glut1 and glut4 in the gills of the Atlantic cod (Hall et al., 2014). Presumably, 
transcript expression levels are related to protein expression levels and the high 
expression of glut1 and glut4 in the gills of A. testudineus after 2 days of terrestrial 
exposure could suggest their involvement in regulating glucose uptake within the 
brachial epithelium.  
6.2.1.5.2. Amino acid metabolism 
As discussed in section 4.2.1.6.2, SLC7 protein families are known to be involved in 
amino acid transport in mammals. Thus, it is logical to deduce that, similar to A. 
testudineus exposed to seawater or high concentrations of environmental ammonia, 
the up-regulation of slc7a2 and slc7a3 could be important for the transport of 
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essential amino acids to the ionocytes of the terrestrial-exposed fish. In contrast, 
genes encoding different isoforms of tyrosine kinases (Hck, Jak2, Btk, Fes and Flt3) 
were more abundantly expressed in the gills of the freshwater fish and were 
functionally annotated to be associated with the phosphorylation of L-amino acids. 
Tyrosine kinases catalyze the transfer of a phosphate group from ATP to the tyrosine 
residues of proteins and are crucial players in post-translational modification of 
proteins (Paul and Mukhopadhyay, 2004; Nelson and Cox, 2005). Tyrosine kinases 
are primarily classified into two different groups: receptor tyrosine kinases and non-
receptor tyrosine kinases (Paul and Mukhopadhyay, 2004) and the gills of A. 
testudineus contain genes encoding both. This group of enzymes controls various 
cellular processes like enzyme activities, transmembrane signaling, cell cycle 
regulation, cellular proliferation and differentiation. Therefore, a down-regulation in 
the mRNA expression of these genes suggest a reduced need for phosphorylation of 
proteins during terrestrial exposure, and probably to prevent the uncontrolled and 
continuous phosphorylation of proteins which could result from the overexpression of 
tyrosine kinases, constitutive oncogenic activation or dysregulation of cell signaling 
pathways (Paul and Mukhopadhyay, 2004).  
6.2.1.5.3. Lipid metabolism 
Lipids serve as a major source of energy in fish and its metabolism is regulated by a 
complex interplay of different enzymes. Lpl is one of the key enzymes in this process 
and it hydrolyzes triglycerides in very low density lipoproteins and chylomicrons 
(Tocher, 2003). The free fatty acids produced are subsequently transported to adipose 
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tissues for storage or used as oxidative fuels (Auwerx et al., 1992). Extensive studies 
have been done on the regulation and expression of lpl in fish (Kwon et al., 2001; 
Albalat et al., 2006; Oku et al., 2006; Ibarz et al., 2007; Chen et al., 2015). Lpl 
activity in the rainbow trout is regulated by insulin and its activity decreases during 
fasting and increases after postprandial period (Albalat et al., 2006). In a separate 
study, seasonal and dietary composition effects on the mRNA expression of lpl have 
been investigated in the liver and adipose tissues of the gilthead sea bream (Saera-
Vila et al., 2005). The effects of feeding and diet on the mRNA expression lpl have 
also been examined in the red sea bream (Liang et al., 2002a; Liang et al., 2002b). 
Collectively, these studies indicate that the mRNA expression of lpl in fish depends 
on the rate of lipid utilization and its regulation can be influenced by the 
physiological state of the fish.  
FABP, on the other hand, is a member of a superfamily of lipid-binding 
proteins and binds fatty acids intracellularly (Zimmerman and Veerkam, 2002). 
FABP increases the solubility of fatty acids and facilitates their transport from plasma 
membranes to sites of fatty acids oxidation or fatty acids esterification or to the 
nucleus to perform regulatory functions. Of the various isoforms of fabp, fabp2 
paralogs have been identified in the tissues of 26 teleosts (Kaitetzidou et al., 2015). 
Interestingly, fabp2, which is an intestinal isoform, is expressed within the gills of A. 
testudineus. Thus far, this is a first report on the expression of fabp2 in fish gills, 
thereby indicating a novel role of Fabp2 in regulating lipid metabolism in the gills of 
teleosts. Considered together, the abundant expression of the various genes associated 
with lipid metabolism (lpl, fabp2, acaa2 and pparg) provides circumstantial evidence 
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that lipid metabolites could constitute one of the main energy supplies for 
ionoregulation in the gills of A. testudineus during terrestrial exposure (see sections 
4.2.1.6.3 and 5.2.1.3.3 for a discussion on acaa2 and pparg).  
6.2.1.6. Changes in genes related to apoptosis, cell proliferation, differentiation, 
maturation and morphology  
An examination of the genes within the functional category of apoptosis revealed that 
many apoptosis-related genes were down-regulated in the gills of the terrestrial-
exposed A. testudineus. Likewise, there was also an abundance of transcripts with 
functions in cell proliferation, differentiation, maturation and morphology within the 
gills of the control fish. Examples include genes encoding for Aqp1aa, Aqp3a, Casp6, 
Foxl2, Foxm1, Jak2, Stat1, Cldn19 and different isoforms of Sox. These genes have 
been discussed in detail in sections 4.2.1.7, 4.2.1.8, 4.2.1.8.4 and 5.2.1.5 and will not 
be elaborated further. Notably, these results provide an indication that there is a 
diminished need for the activation of majority of the cellular processes as most of the 
cells would have been differentiated into ionocytes specific for terrestrial adaptation. 
This could also help to ensure that a balance is achieved between the cellular 
processes and cellular turnover rates within the gills of A. testudineus. 
6.2.2. Identification of ion transporters involved in terrestrial adaptation 
It has been earlier established that the ammonia excretion rates of A. testudineus 
during emersion is similar to or higher than the freshwater control (Tay et al., 2006). 
Therefore, this study was undertaken to identify the type of ionocytes that could 
participate in active ammonia excretion in the gills of A. testudineus exposed to 
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terrestrial conditions. mRNA expression suggests the presence of two different types 
of ionocytes in the gills of A. testudineus as both nkaα1a and nkaα1c were up-
regulated significantly throughout the 6 days of terrestrial exposure. Although the 
branchial mRNA expression of nkaα1b was also significantly up-regulated after 3 and 
6 days of terrestrial exposure, its copy number was too low (< 30 copies per ng 
cDNA) to be of physiological significance. Furthermore, Nkaα1b was undetectable 
(by immunofluorescence microscopy) in the gills of A. testudineus exposed to 
terrestrial conditions. Unexpectedly, Nkaα1c expression was barely detectable at the 
protein level based on immunofluorescence microscopy, suggesting the presence of 
only Nkaα1a-labelled ionocytes in the gills of the terrestrial-exposed A. testudineus. 
Thus, the author proceeded to identify the different types of ion transporters that were 
co-expressed with Nkaα1a, with the aim to elucidate the mechanisms of active 
ammonia excretion in the gills of A. testudineus during terrestrial exposure. 
The negative correlation between mRNA and protein expression levels of 
nkaα1c/Nkaα1c suggests that an uncoupling of transcription and translation has 
occurred in the gills of the terrestrial-exposed A. testudineus. This could be due to the 
varying translation efficiencies of mRNA molecules which can be attached with 
different number of ribosomes, with higher translation rates associated with a higher 
number of attached ribosomes (Maier et al., 2009; Arava et al., 2003). Other 
contributing factors affecting translation rates include the half-life of individual 
proteins and the sequestration of mRNA molecules to cellular compartments such as 
the nucleus (Maier et al., 2009). 
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In essence, the disengagement of mRNA and protein expression levels for 
nkaα1c/Nkaα1c could imply that the mechanisms of active ammonia excretion during 
terrestrial exposure and environmental ammonia exposure are dissimilar and involve 
different types of ionocytes. Rather, Nkaα1a is the major ionocyte responsible for 
carrying out vital physiological processes such as ionoregulaton, osmoregulation, 
acid-base balance, gaseous exchange and more importantly, active ammonia 
excretion in the gills of the terrestrial-exposed A. testudineus. 
6.2.2.1. Nkcc1a is the main cation chloride cotransporter present in the gills of A. 
testudineus during terrestrial exposure 
Notably, terrestrial exposure only resulted in a significant increase in the mRNA 
expression of nkcc1a but had no significant effect on the mRNA expression levels of 
ncc and nkcc1b. Unlike the apical Ncc labelling observed in the freshwater-type 
ionocytes (see section 4.2.2.1), Ncc was not localized to the membranes of any of the 
Nkaα1a-labelled ionocytes in the gills of the terrestrial-exposed A. testudineus. This 
could suggest that the broadly-distributed and non-specific staining of Ncc may 
facilitate the transport of Na+ and Cl- in other non-ionocyte cell types (e.g. pavement 
cells) or have some other functions that have yet to be identified. 
Immunofluorescence staining was unsuccessful for Nkcc1b and no attempt was made 
to double-label anti-Nkcc1/Ncc (T4) with anti-Nkaα1a because both antibodies were 
raised in mouse. However, since Nkcc1a was found to be present on the basolateral 
membranes of almost all the Nkaα1a-labelled ionocytes, it is logical to infer that the 
expression of Nkcc1b will be almost undetectable in the gills of A. testudineus 
subjected to terrestrial conditions. Thus, Nkcc1b is unlikely to play a major role in the 
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transport processes during terrestrial exposure, which is in agreement with its mRNA 
expression results. 
Hence, taking into account both the mRNA expression and protein 
localization information, it is logical to deduce that Nkcc1a is most probably involved 
in the transport of NH4
+ across the basolateral membrane of the ionocyte through the 
substitution of NH4
+ for K+ (Fig. 107). The Nkaα1a that is co-expressed could serve 
to remove the excess Na+ that has accumulated within the ionocytes during the 
transport of NH4
+ via Nkcc1a and in the process, help to maintain the Na+ 
electrochemical gradient. Likewise, it is highly probable that K+ is transported, in 
preference to NH4
+, by Nkaα1a into the ionocyte to ensure the presence of a high 
intracellular K+ concentration, to maintain intracellular K+ homeostasis and to reduce 




Fig. 107. Proposed model of a terrestrial-type ionocyte in the gills of Anabas 
testudineus involved in active NH4+ excretion. Nkaα1a, Na+/K+-ATPase α1a; 


























6.2.2.2. Active ammonia excretion during terrestrial exposure does not involve 
Cftr 
During exposure to high concentrations of environmental ammonia, Cftr participates 
in active NH4
+ excretion by generating a favourable electrical potential (inside 
positive) across the apical membranes of the ionocytes (see section 5.2.1.1). However, 
there were no significant increases in the mRNA expression of cftr throughout the 6 
days of terrestrial exposure and its protein expression was undetectable in the gills of 
the terrestrial-exposed A. testudineus. Thus, the mode of branchial active ammonia 
excretion when A. testudineus is on land is unlikely to be driven by a difference in the 
electrical potential. Instead, results obtained from this study revealed for the first time 
that the active excretion of ammonia in the gills of the terrestrial-exposed A. 
testudineus is very likely to be mediated by a difference between the ambient and 
intracellular pH.  
6.2.2.3. Active NH4+ excretion during terrestrial exposure could be coupled to 
active H+ excretion 
Lowering of ambient pH is one of the key defence strategies adopted by certain 
teleosts to ameliorate the toxic effects of ammonia during environmental ammonia 
exposure or emersion (see Ip and Chew, 2010; Chew and Ip, 2014 for reviews). In the 
giant mudskipper, both active NH4
+ and H+ excretion occurs in the head region 
during environmental ammonia exposure (Ip et al., 2004). An increased rate of net H+ 
excretion was reported in the gills of the giant mudskipper when exposed to 20 mmol 
l-1 or 30 mmol l-1 NH4Cl at pH 7.0 or 8.0. By acidifying the boundary water layer of 
the gills through an increased net rate of H+ excretion, the excreted ammonia will 
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remain as the ionized form and the dissociation of NH4
+ to NH3 and H
+ can be 
avoided, thereby preventing the back diffusion of NH3 down its concentration 
gradient. This process was termed as “NH4+ trapping” by the authors which is in 
contrast to “NH3 trapping”. In addition, bafilomycin only resulted in a large 
inhibitory effect on the rate of H+ excretion but has no effect on the ammonia flux, 
further indicating that NH3 trapping did not occur in the gills of the giant mudskipper 
in response to environmental ammonia. 
Indeed, differential transcriptome analysis of the gills of A. testudineus 
indicated an abundance of transcripts, with very high average coverage, total gene 
reads and RPKM, encoding different subunits of V-ATPase during terrestrial 
exposure. This strongly implies that net H+ excretion by V-ATPase could be linked to 
active NH4
+ excretion in the gills of the terrestrial-exposed fish. When compared to 
the freshwater control, the plasma ammonia concentration of A. testudineus exposed 
to terrestrial conditions for 6 days remained unchanged, with an estimated plasma 
NH4
+ and NH3 concentration of 0.66 mmol l
-1 and 0.04 mmol l-1, respectively (Chew 
and Ip, personal communication). In comparison, the ammonia concentration in the 
water collected from the branchial epithelium of the terrestrial-exposed fish was 28 
mmol l-1, which was calculated as 27.8 mmol l-1 and 0.2 mmol l-1 at pH 6.98 for NH4
+ 
and NH3, respectively. Thus, it is inevitable that A. testudineus will be confronted 
with steep inwardly directed gradients of NH4
+ and NH3 when exposed to terrestrial 
conditions. Taken together, it can be concluded that A. testudineus can maintain a low 
plasma ammonia concentration through active NH4
+ excretion which results in the 
build-up of NH4
+ in the small volume of water on the surface of the gills. Assuming 
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that “NH4+ trapping” in the gills of A. testudineus occurs via a similar mechanism as 
elucidated in the gills of the giant mudskipper, it is logical to deduce that A. 
testudineus would most likely increase the rate of H+ excretion via V-ATPase to 
prevent the dissociation of the actively excreted NH4
+ and the subsequent back 
diffusion of NH3 down the inwardly-directed ΔPNH3.  
6.2.2.4. Possible roles of Rhag and Rhcg2 in active ammonia excretion 
Studies examining the effects of terrestrial exposure on the mRNA or protein 
expression levels of Rh glycoproteins are limited. A significant increase in the 
mRNA expression of rhcg1, together with the immunolocalization of both Rhcg1 and 
V-ATPase on the apical membranes of non-Nka immunoreactive cells, was observed 
in the gills of the weatherloach during aerial exposure (Moreira-Silva et al., 2010). 
On the contrary, terrestrial exposure led to significant increases in the mRNA 
expressions of rhbg, rhcg1 and rhcg2 in the gills of A. testudineus. The mRNA 
expression of rhag, on the other hand, was reduced significantly on the sixth day of 
terrestrial exposure. However, immunolocalization studies revealed that the Nkaα1a-
labelled ionocytes were labelled with only Rhag and Rhcg2 on the apical and 
basolateral membranes, respectively (see sections 4.2.2.3.2 and 5.2.2.2 for a 
discussion on Rhag and Rhcg2). Since Rhag has been proposed as the novel apical 
transporter responsible for the active transport of NH4
+ in the gills of A. testudineus 
exposed to high concentrations of environmental ammonia and mediates NH3 and/or 
NH4
+ transport during seawater exposure, it is highly probable that Rhag could also 
be the possible candidate for mediating the transport of NH3 and/or NH4
+ across the 
apical membranes of the terrestrial-type ionocyte (Fig. 108). NH4
+ could substitute 
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for K+ and enter the ionocytes through Nkcc1a or transported via Rhcg2 since both 
Nkcc1a and Rhcg2 are expressed together with Nkaα1a on the basolateral membranes 
(Fig. 108A and B). NH4
+ that enters the ionocyte may be transported across the apical 
membrane, by Rhag, as its cationic form or dissociated into NH3 and H
+ before 
exiting the apical membrane. Alternatively, ammonia could be transported as NH3 
across the apical and basolateral membranes of the ionocytes by Rhag and Rhcg2, 
respectively (Fig. 108C). NH3 that is actively excreted across the apical membranes 
will be subsequently “trapped” by H+ actively excreted by V-ATPase forming NH4+. 
More importantly, the back diffusion of NH3 into the ionocytes down the inwardly-








Fig. 108. Proposed model of a terrestrial-type ionocyte in the gills of Anabas 
testudineus involved in active ammonia excretion. Ammonia could be transported 
across the ionocyte as NH4
+ (A and B) and/or NH3 (C). NH4
+ could enter the 
basolateral membrane through (A) Nkcc1a and/or (B) Rhcg2. Model depicted in Fig. 
108 (A) is an extension of Fig. 107. Nkaα1a, Na+/K+-ATPase α1a; Nkcc1a, 
Na+:K+:2Cl- cotransporter 1a; Rhag, rhesus blood group-associated glycoprotein; 
Rhcg2, rhesus family C glycoprotein 2. Transporter in grey had no protein 















































































6.2.2.5. Unique localization of Rhbg and Rhcg1 in the gills of A. testudineus 
The unique distribution of Rhbg and its possible function has been discussed in 
section 4.2.2.3.3. Interestingly, Rhcg1 was also not co-localized with any Nkaα1a-
labelled ionocytes within the gills of the terrestrial-exposed A. testudineus. Hence, 
Rhbg and Rhcg1 may work in concert to regulate the transport of ammonia and/or 
CO2 in non-ionocyte cells, e.g. pavement cells or they may possess other novel 
transport functions that have yet to be elucidated. 
6.2.2.6. Nhe3 is unlikely to be involved in active ammonia excretion during 
terrestrial exposure 
The mRNA expression of nhe3 was down-regulated significantly during terrestrial 
exposure, suggesting that Nhe3 is unlikely to play a significant role in ammonia 
transport within the gills of A. testudineus. In order for Nhe3 to participate in “NH4+ 
trapping” or “NH3 trapping”, the apical surface has to be acidified and this requires 
Nhe3 to be expressed on the apical membranes of the ionocytes. However, Nhe3 is 
expressed weakly on the basolateral membranes of the Nkaα1a-labelled ionocytes of 
the terrestrial-exposed fish (Fig. 109). To the best of the author’s knowledge, this 
study is the first to investigate the localization of Nhe3 in the gills of a fish exposed 
to terrestrial conditions. Nhe3 is usually located on the apical membranes of 
ionocytes in fish gills and basolateral localization of Nhe3 in fish gills has not been 
confirmed thus far (see section 4.2.2.4). Hence, the author postulated that the 
basolateral Nhe3, co-expressed with Nkaα1a, in the gills of A. testudineus could serve 
to regulate blood pH balance through the transport of H+ into the blood in exchange 
for the uptake of Na+ into the cell. 
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By contrast, Nhe1 could contribute to “NH3 trapping” or “NH4+ trapping” as 
its mRNA expression increased significantly throughout the 6 days of terrestrial 
exposure. Nhe1 could work together with V-ATPase to increase H+ excretion during 
active NH3 and/or NH4
+ excretion if both proteins are indeed located on the apical 
membranes of the Nkaα1a-labelled ionocytes (location of Nhe1 in the gills of A. 
testudineus is currently unknown as immunofluorescence microscopy with anti-Nhe1 




Fig. 109. Proposed model of a terrestrial-type ionocyte in the gills of Anabas 
testudineus involved in acid-base regulation. Nkaα1a, Na+/K+-ATPase α1a; Nkaα1a, 
Na+/K+-ATPase α1a; Nhe3, sodium/hydrogen exchanger 3.  (Based on results from 




















6.2.2.7. Roles of Aqp in the transport of CO2 
As mentioned in section 6.2.1.4, there will be an increase in endogenous ammonia 
production when A. testudineus is on land (Tay et al., 2006). Due to the lack of water 
to flush away the ammonia produced endogenously, the built up of ammonia will 
cause the partial pressure of NH3 at the gill boundary layer to rise quickly and reduce 
the blood to water boundary ΔPNH3. This problem is further aggravated by the high 
temperatures of the tropics where A. testudineus naturally inhabits as water 
evaporation can concentrate solutes such as environmental ammonia. Since Aqp 
permits the transport of NH3 and CO2, in addition to water (see sections 4.2.2.5 and 
4.2.2.6), it is logical for A. testudineus to reduce the expression of aqp/Aqp during 
long-term terrestrial exposure to prevent the loss of water and entry of NH3 which can 
lead to desiccation and ammonia intoxication.  
Among the five isoforms of aqp obtained from the gills of A. testudineus, 
aqp3a, aqp7 and aqp11 showed a significant decrease in their mRNA expression 
levels upon terrestrial exposure. The reduced expression of these several aqp 
isoforms may be essential in helping A. testudineus to cope with desiccation arising 
from water loss through the gills during terrestrial exposure. Notably, a significant 
increase in the mRNA expression of aqp1aa and aqp1ab was detected in the gills of 
A. testudineus during terrestrial exposure. Immunofluorescence microscopy revealed 
that Aqp1aa was expressed on the apical membranes while both Aqp1ab and Aqp7 
were targeted to the basolateral membranes of the Nkaα1a-immunoreactive ionocytes. 
During short-term exposure (1 day) to terrestrial conditions, Aqp can support the 
passive removal of NH3 down its concentration gradient. However, when A. 
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testudineus is on land for long periods (3-6 days), it will be detrimental for the fish if 
Aqp were to continue playing a greater role in the transport of NH3 due to the 
inwardly-directed NH3 gradient.   
Hence, the author postulated that, especially for Aqp1aa and Aqp1ab, their 
increased expression is most probably for facilitating the transcellular transport of 
CO2. In fact, the main roles of Aqp in fish gills have been reported recently to be 
associated with CO2 elimination and cellular volume regulation (Madsen et al., 2015). 
Graham (1997) reviewed the rates of O2 consumption of several amphibious air-
breathing fishes and found that they were able to maintain similar or higher rates 
when on land as compared to when they are in water. However, earlier studies 
showed a reduced O2 consumption rate (by 10-24%) when A. testudineus is on land 
(Natarajan, 1979; Hughes and Singh, 1970), despite A. testudineus being an 
amphibious fish with triphasic breathing capabilities (Graham, 1997). The respiratory 
quotient of A. testudineus when emersed is about 0.7 (Hughes and Singh, 1970) and 
its O2 consumption rate after 2 days of exposure to terrestrial conditions is higher 
than the freshwater control (Tay et al., 2006). Taken together, it is logical to conclude 
that A. testudineus is able to maintain, or even increase, its respiration rates and rely 
on aerobic energy metabolism during emersion (see sections 2.2 and 4.2.2.6 for a 
discussion on the involvement of ABO and gills of A. testudineus in gaseous 
exchange). An increased rate of O2 consumption will unavoidably result in an 
increased rate of CO2 production which has to be promptly eliminated from the fish. 
Furthermore, removing CO2 as its ionic form, HCO3
-, will not be very feasible given 
that water is scarce when the fish is exposed to terrestrial conditions. Therefore, 
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Aqp1ab could mediate the transport of CO2 across the basolateral membranes of 
Nkaα1a-labelled ionocytes in the gills of the terrestrial-exposed A. testudineus and 
subsequently exit through apical Aqp1aa to the external environment (Fig. 110). The 
excretion of CO2 will also lower the pH of water at the gill boundary layer, thereby 
reducing the concentration of NH3 in the external medium and decrease 
environmental ammonia toxicity. However, how the loss of water from and entry of 
NH3 through Aqp into the ionocytes is reduced or prevented in the gills of A. 




Fig. 110. Proposed model of a terrestrial-type ionocyte in the gills of Anabas 
testudineus involved in CO2 transport. Aqp1aa, aquaporin 1aa; Nkaα1a, Na+/K+-


















Differential transcriptome analysis of the gills of A. testudineus exposed to terrestrial 
conditions provided valuable insights into the possible molecular and cellular 
mechanisms, underlying the adaptive responses and defence strategies, adopted by 
the fish to prevent desiccation, ammonia intoxication and hypercapnia. An 
examination of the differentially regulated functional categories include genes related 
to the transport of ions (nbc1, clc2, calr, pvalb and various subunits of V-ATPase) or 
involved in the transport of CO2 and NH3 (aqp1ab, rhag and rhcg2). Transcripts with 
functions associated with energy production (genes encoding various subunits of ATP 
synthase) and the metabolism of carbohydrates (aldob, pgam1, hk1, pfkp, pkm, gapdh, 
gys1, gyg1, glut1 and glut4), amino acids (slc7a2, slc7a3, hck, jak2, btk, fes and flt3) 
and lipids (lpl, fabp2, acaa2 and pparg) were also differentially regulated in the gills 
of A. testudineus. Taken together, these strongly indicate that adaptation to terrestrial 
conditions require a tightly regulated and consistent supply of energy to drive the 
operation of various ATP-dependent transport systems. On the contrary, the majority 
of genes with functions in apoptosis, cell proliferation, differentiation, maturation and 
morphology (aqp1aa, aqp3a, casp6, foxl2, foxm1, jak2, stat1, cldn19 and different 
isoforms of sox) were down-regulated during terrestrial exposure, implying a reduced 
need for the activation of majority of the cellular processes.  
More importantly, mRNA expression and protein localization results from this 
study provided substantial evidence that active excretion of ammonia in the gills of 
the terrestrial-exposed A. testudineus is probably mediated by a difference between 
the ambient and intracellular pH. Unlike environmental ammonia exposure, the 
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expression of cftr/Cftr is undetectable in the gills of the fish during terrestrial 
exposure and hence, the participation of an electrical potential to drive the active 
excretion of NH4
+ can be eliminated. The Nkaα1a-labelled ionocyte has been 
identified for the first time in the gills of the terrestrial-exposed A. testudineus and is 
co-expressed with apical Rhag and basolateral Nkcc1a or Rhcg2. Therefore, the 
proposed mechanism of active NH3 and/or NH4
+ during emersion involves the 
transport of NH3 across the basolateral membranes by Rhcg2 or the transport of NH4
+ 
across the basolateral membranes into the ionocytes through Nkcc1a or Rhcg2. NH3 
and/or NH4
+ are subsequently transported across the apical membranes via Rhag. 
Furthermore, the increased abundance of several transcripts encoding for the subunits 
of V-ATPase during terrestrial exposure suggest that active NH3 and/or NH4
+ 
excretion could be coupled to active H+ excretion either through “NH3 trapping” or 
“NH4+ trapping”. Similar to environmental ammonia exposure, mRNA expression 
and immunofluorescence results revealed that Nhe3 is unlikely to be involved in 
active ammonia excretion in the gills of the terrestrial-exposed fish. Rather, the 
basolateral Nhe3 co-expressed with Nkaα1a could have an important role in 
regulating blood pH balance through the transport of H+ into the blood in exchange 
for the uptake of Na+ into the cell. Finally, other than its function in active ammonia 
excretion, the Nkaα1a-labelled ionocyte may also have a significant function in 
eliminating the CO2 from A. testudineus in a terrestrial environment. This could be 




7. Integrated summary  
Results obtained from this study provide novel insights into the ionoregulatory and 
osmoregulatory mechanisms adopted by A. testudineus to acclimate from fresh water 
to seawater, high concentrations of environmental ammonia or terrestrial conditions. 
Multiple types of ionocytes have been identified and successfully characterized in the 
gills of A. testudineus in fresh water, seawater, 100 mmol l-1 of NH4Cl or terrestrial 
conditions, with each specific type of ionocyte expressing a distinct set of ion 
transporters or water channels.  
The Nkaα1a-labelled ionocytes expressed predominantly within the gills of 
the freshwater fish are crucial for the active absorption of Na+ and Cl- from the 
external environment. Basolateral Nkaα1a can help maintain a low intracellular Na+ 
concentration, thereby providing a driving force for the uptake of Na+ and Cl- through 
apical Ncc. Other than maintaining Na+ and Cl- homeostasis, the Nkaα1a-labelled 
freshwater-type ionocytes, which co-express basolateral Nkcc1a and apical Aqp1aa, 
may also participate in the active transport of water. Cellular localization of these 
water co-transporter and water channels indicates that they may play a pivotal role in 
the regulation of cell volume by coupling the transport of Na+, K+ and Cl- to the 
transport of water. Furthermore, immunofluorescence microscopy results allude to 
the additional roles of certain isoforms of Aqp in the transport of gases in the gills of 
A. testudineus. Basolateral Aqp1ab and Aqp7 may facilitate the transport of CO2 and 
NH3, respectively in the Nkaα1a-labelled ionocytes of the freshwater fish. Both gases 
can subsequently exit the Nkaα1a-labelled ionocytes through apical Aqp1aa, allowing 
the fish to maintain blood pH at physiological levels. 
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By contrast, active secretion of Na+ and Cl- from the gills of A. testudineus in 
a hyperosmotic environment is apparently achieved through the concerted efforts of 
Nkaα1c, Nkcc1a and Cftr, involving mechanisms similar to the currently accepted 
model of ion secretion in the seawater-type ionocytes of marine teleosts. Besides 
Nkaα1c, Nkaα1b is another major seawater isoform present in the gills of A. 
testudineus. However, the Nkaα1b-labelled ionocytes are likely to have a major role 
in H+-facilitated ammonia excretion and acid-base regulation. “NH3 trapping” in the 
gills of the seawater-exposed A. testudineus probably occurs through the transport of 
NH3 and H
+ via Rhcg1 and Nhe3, respectively. The passive excretion of NH3 is 
especially essential as amino acids are catabolized as energy sources to support 
ionoregulation and osmoregulation during seawater exposure, which will inevitably 
result in an increase in the intracellular ammonia concentration (Chang et al., 2007). 
Alternatively, Aqp1ab and Aqp7 may work in collaboration to mediate passive NH3 
excretion across the apical membranes of the Nkaα1b-labelled ionocytes and the 
basolateral membranes of the Nkaα1c-labelled ionocytes.  
In comparison, active NH4
+ excretion through the gills of A. testudineus in the 
presence of high concentrations of environmental ammonia involves a type of 
Nkaα1c-labelled ionocytes that are distinctly smaller than the type of Nkaα1c-
labelled ones identified in fish during seawater acclimation. In addition, basolateral 
Nkcc1b, instead of Nkcc1a, takes over the possible role of facilitating the entry of 
NH4
+ by replacing K+. NH4
+ may also enter the ionocytes via Rhcg2 which is 
expressed together with Nkaα1c on the basolateral membranes. More importantly, 
results from immunofluorescence microscopy indicate for the first time that Rhag can 
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conceivably act as the the apical NH4
+ transporter, and the apical transport of NH4
+ 
by Rhag is most probably driven by the transapical electrical potential generated by 
the efflux of HCO3
- or Cl- via the apical Cftr. As follows, unlike the giant mudskipper 
which actively excretes NH4
+ and trap the excreted NH4
+ through increased H+ 
excretion (Ip et al., 2004a), A. testudineus alkalinizes the branchial water instead (Ip 
et al., 2012b). Indeed, there is a lack of apical Nhe3 expression in the Nkaα1c-
labelled ammonia-type ionocytes in the gills of A. testudineus. The freshwater-type 
ionocytes (Nkaα1a-labelled) in the gills of the ammonia-exposed fish, on the other 
hand, may have a more essential role in regulating the blood pH at physiological 
levels by mediating the elimination of CO2. It is possible that the basolateral Rhcg2 
or Aqp1ab, working in conjunction with the apical Aqp1aa, facilitates the transport of 
CO2 from the blood to the external environment in the Nkaα1a-labelled ionocytes in 
the gills of A. testudineus exposed to ammonia. 
Results obtained from this study also support the hypothesis that different 
mechanisms of active ammonia excretion are employed in the gills of A. testudineus 
during exposure to environmental ammonia or terrestrial conditions. The Nkaα1a-
labelled freshwater-type ionocytes in the gills of A. testudineus during terrestrial 
exposure also express the apical Rhag and the basolateral Nkcc1a or Rhcg2. Active 
ammonia excretion in the gills of the terrestrial-exposed A. testudineus is unlikely to 
be driven by an electrical potential gradient as in the case of the ammonia-exposed 
fish. This is because Cftr is undetectable in the gills of A. testudineus during 
terrestrial exposure. Rather, the active excretion of ammonia during terrestrial 
exposure is probably H+-driven, mediated by a difference between the intracellular 
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pH and ambient pH. This is supported by increases in expression of several 
transcripts encoding for various subunits of V-type H+-ATPase, indicating that active 
NH3 and/or NH4
+ excretion during terrestrial exposure could be coupled to active H+ 
excretion either through “NH3 trapping” or “NH4+ trapping”. The Nkaα1a-labelled 
ionocyte may also play a role in removing the endogenous CO2 by working in 
conjunction with basolateral Aqp1ab and apical Aqp1aa in the gills of the terrestrial-
exposed A. testudineus. 
Taken together, mRNA expression and protein localization studies provide 
convincing evidence on the presence of at least three different types of ionocytes, 
based on the isoform of Nkaα (Nkaα1a, Nkaα1b and Nkaα1c), in the gills of A. 
testudineus. Both the squamous-shaped Nkaα1b- and Nkaα1c-labelled ionocytes are 
at least 2-3 times larger than the ovoid-shaped Nkaα1a-labelled ionocytes. 
Furthermore, there could be different subtypes of ionocytes in the gills of A. 
testudineus exposed to various experimental conditions.  In conclusion, the 
uncommon ability of A. testudineus to survive in fresh water, seawater, water 
containing high concentrations of ammonia or terrestrial conditions could be related 
to its capacity in coordinating the expression of various transporters and channels to 




Table 19. A summary of changes in mRNA expression of several genes in the gills of 
Anabas testudineus after exposure to seawater, 100 mmol l-1 NH4Cl or terrestrial 
conditions, as compared to the freshwater control. 




nkaα1a Down-regulated Neutral Up-regulated 
nkaα1b Up-regulated Neutral Up-regulated 
nkaα1c Up-regulated Up-regulated Up-regulated 
cftr Up-regulated Up-regulated Neutral 
ncc Down-regulated Up-regulated Neutral 
nkcc1a Up-regulated Up-regulated Up-regulated 
nkcc1b Down-regulated Up-regulated Neutral 
rhag Down-regulated Neutral Down-regulated 
rhbg Neutral Neutral Neutral 
rhcg1 Up-regulated Up-regulated Up-regulated 
rhcg2 Neutral Neutral Neutral 
nhe1 Up-regulated Up-regulated Up-regulated 
nhe3 Up-regulated Neutral Down-regulated 
aqp1aa Neutral Down-regulated Up-regulated 
aqp1ab Down-regulated Down-regulated Up-regulated 
aqp3a Down-regulated Neutral Down-regulated 
aqp7 Down-regulated Down-regulated Neutral 
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Description of A. testudineus Sanger sequence Sanger sequence 
length (bp) 
JN180943 cystic fibrosis transmembrane conductance regulator 4530 
JN180944 Na+:K+:2Cl- cotransporter 1 3495 
JN180940 Na+/K+-ATPase alpha-subunit 1a 3069 
JN180941 Na+/K+-ATPase alpha-subunit 1b 3069 
JN180942 Na+/K+-ATPase alpha-subunit 1c 3048 
AY763681 12S ribosomal RNA gene 2070 
DQ107522 Cdc25 1818 
DQ107521 Wee1 kinase 1626 
AY763773 recombinase activating protein 1 1494 
JQ690756 fatty acid delta 6 desaturase-like protein 1338 
KC513732 tumor suppressor protein p53 1143 
AB822525 cytochrome b 1143 
AB534678 NADH dehydrogenase subunit 2 1047 
AY533308 cyclin-dependent kinase 1 912 
EF179144 D-loop 908 
JQ690757 fatty acid elongase-like protein 888 
JX645188 aquaporin 1aa 786 
JN021211 cytochrome oxidase subunit 1 642 
HQ682664 cytochrome oxidase subunit 1 636 
DQ107520 glyceraldehyde-3-phosphate dehydrogenase 623 
KC513734 Bcl-2-associated X protein 579 
JQ661371 cytochrome oxidase subunit 1 579 
EF179146 16S ribosomal RNA gene 522 
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GU570701 isolate ATHap04 D-loop 402 
EU780732 cyclin B 921 
AF012791 cytochrome b 306 
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Appendix 2. Primer sequences used for relative qPCR. 






































Appendix 2 (continued) 





































Appendix 2 (continued) 












































Appendix 2 (continued) 





























Appendix 3. Primer sequences used for RACE PCR. 
Gene Primer type Primer sequence (5’to 3’) 
 
ncc 5’-RACE PCR ACGGGTATATGTTGTCTCTGCACA 
3’-RACE PCR CTGAACAGGTTTGTGGACAGTGTCG 
nkcc1b 5’-RACE PCR GGTAGAACTCGATGTTGGGCACAGC 
3’-RACE PCR CTCATTCCCTACCTGCTGACCAACA 
aqp1ab 5’-RACE PCR AGGGTGGCAAGGAACTCGATGAC 
3’-RACE PCR GTGCTACATCCTGGCTCAGATGCTTGGG 
aqp3a 5’-RACE PCR AGGCAAGATTGACAGTGAGGAAA 
aqp7 5’-RACE PCR AGGATATGTGGCAAAGATACCGGCTGTG 
3’-RACE PCR GAGACATCGCACCCAGGGTCTTCACT 





Appendix 4. List of accession numbers of the full cDNA coding sequences from A. 
testudineus deposited into GenBank. 














Appendix 5. Primer sequences used for PCR. 





















Appendix 6a. Full cDNA nucleotide sequence and the deduced amino acid sequence 
of the coding region of Na+:K+:2Cl- cotransporter 1b (nkcc1b) and Nkcc1b, 


















Appendix 6b. Full cDNA nucleotide sequence and the deduced amino acid sequence 
of the coding region of Na+:Cl- co-transporter (ncc) and Ncc, respectively from the 


















Appendix 6c. Full cDNA nucleotide sequence and the deduced amino acid sequence 
of the coding region of sodium/hydrogen exchanger 1 (nhe1) and Nhe1, respectively 
from the gills of Anabas testudineus.9 
                                                          
9 Adapted from Zhang, 2013 (Honours thesis from the author’s laboratory). 
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Appendix 6d. Full cDNA nucleotide sequence and the deduced amino acid sequence 
of the coding region of sodium/hydrogen exchanger 3 (nhe3) and Nhe3, respectively 
from the gills of Anabas testudineus.10  
                                                          
10 Adapted from Zhang, 2013 (Honours thesis from the author’s laboratory). 
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Appendix 6e. Full cDNA nucleotide sequence and the deduced amino acid sequence 
of the coding region of aquaporin 1ab (aqp1ab) and Aqp1ab, respectively from the 




Appendix 6f. Full cDNA nucleotide sequence and the deduced amino acid sequence 
of the coding region of aquaporin 3a (aqp3a) and Aqp3a, respectively from the gills 








Appendix 6g. Full cDNA nucleotide sequence and the deduced amino acid sequence 









Appendix 6h. Full cDNA nucleotide sequence and the deduced amino acid sequence 
of the coding region of aquaporin 11 (aqp11) and Aqp11, respectively from the gills 




Appendix 7. Primer sequences used for absolute qPCR. 





































Appendix 7 (continued) 






































Appendix 7 (continued) 






































Appendix 8. Epitope sequences of translated amino acids based on which antibodies 
were designed against and the dilution used. 
Antibody Epitope sequence Dilution 
used 
Anti-Nkaα1c GGMREKYPKVC 1:100 
Anti-Nkcc1a IQGQDELLSSQEKSC 1:300 
Anti-Nkcc1b SGQKPSLKSGGSSQC 1:300 
Anti-Ncc CTDTEKQPNPKNLNR 1:300 
Anti-Rhag DGKSHGHDGHDGQSC 1:300 




Anti-Rhcg2 CLEGNYANRGAGTQG 1:300 
Anti-Nhe1 MTPRTGSHRRAGFGC 1:300 
Anti-Nhe3 CGKSPDRSRSYHSGD 1:300 
Anti-Aqp1aa CGPVGDYDVNGGNDT 1:300 
Anti-Aqp1ab CDPATEVTAEDGAHP 1:300 
Anti-Aqp3a CEGEARDKRGSGPEN 1:300 
Anti-Aqp7 CSDQRNKPAAAGSEP 1:300 





Appendix 9. Dilution used for each antibody for immunofluorescence microscopy. 
Antibody Dilution used 
Anti-NKAαRb1 1:500 
Anti-Nkaα1a 1:500 
Anti-Nkaα1b 1:500 
Anti-Nkaα1c 1:200 
Anti-Cftr 1:100 
Anti-NKCC/NCC 1:100 
Anti-Nkcc1a 1:100 
Anti-Ncc 1:50 
Anti-Rhag 1:500 
Anti-Rhbg 1:800 
Anti-Rhcg1 1:300 
Anti-Rhcg2 1:500 
Anti-Nhe3 1:100 
Anti-Aqp1aa 1:100 
Anti-Aqp1ab 1:100 
Anti-Aqp7 1:100 
 
